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1.1.Introduction: 

Wound healing is a highly orchestrated and dynamic biological process that involves a sequence 

of intricate events aimed at repairing damaged tissue. The process can be broadly divided into 

four overlapping phases: hemostasis, inflammation, proliferation, and remodeling [Sun et al., 

2014; Rodrigues et al., 2019]. Hemostasis initiates immediately after injury, involving 

vasoconstriction to reduce blood flow, platelet activation and aggregation to form a temporary 

plug, and the activation of the coagulation cascade to generate fibrin, which stabilizes the platelet 

plug and forms a clot to prevent excessive bleeding [Gale et al., 2011; Meddahi-Pelle et al., 2014 

& Heher et al., 2018]. In the inflammatory phase, immune cells such as neutrophils and 

macrophages infiltrate the wound site to clear debris, pathogens, and damaged cells, releasing 

cytokines and growth factors that trigger the subsequent phases [Han et al., 2017]. During 

proliferation, fibroblasts play a crucial role by synthesizing collagen, the primary component of 

the extracellular matrix, which forms a scaffold for migrating cells [Gonzalez et al., 2016]. 

Formation of new blood vessels, or angiogenesis  to supply oxygen and nutrients to the growing 

tissue. The remodeling phase involves the gradual realignment and remodeling of collagen 

fibers, as well as the removal of excess tissue [Schultz et al., 2003]. This phase can take months 

to years and results in increased tissue strength. The orchestrated interplay of cell types, growth 

factors, and signaling molecules is essential for effective wound healing, as dysregulation can 

lead to chronic wounds or excessive scarring. Understanding the molecular and cellular 

mechanisms underlying wound healing and hemostasis is crucial for developing therapies that 

enhance healing outcomes and promote tissue regeneration and to stop profusely bleeding 

condition. 

1.2.Exploring the Demand for Innovative Materials in Tissue regeneration and Wound 

Healing: The Role of Bioactive Glasses 

In recent years, bioactive glasses have emerged as a promising solution for wound healing. In 

tissue engineering, scaffolds, along with cells and ions, are used to aid tissue regeneration. These 

biomaterials can be used in the body without rejection and provide a surface for cell 

proliferation, facilitating tissue formation. 



3 | P a g e  
 

While research on bioactive glasses has primarily focused on bone healing, their unique ability to 

bond with bone was first demonstrated by Professor Larry Hench in 1969 with the development 

of Bioglass® [Hench, 2006]. This original composition, Bioglass 45S5, contains 46.1 mol. % 

SiO2, 24.4 mol. % Na2O, 26.9 mol. % CaO, and 2.6 mol. % P2O5. It has been commercially used 

as synthetic bone grafts (e.g., NovaBone® and Perioglas®) and as an ingredient in toothpaste for 

hypersensitivity (e.g., GlaxoSmithKline, UK). Since then, many other bioactive glass 

compositions have been developed [Rodriguex et al., 2008]. 

One significant advantage of bioactive glasses is their compositional flexibility. They can be 

produced using either a melt-derived or sol-gel derived route, allowing for the addition of 

different metal oxides that offer various beneficial properties for wound healing and other 

applications. One of the key advantages of these bioactive glasses is their potential to stimulate 

angiogenesis, the formation of new blood vessels, which is crucial for the development of a 

vascular network within tissue engineering scaffolds. Researchers have explored coating 

bioactive glasses like 45S5 with vascular endothelial growth factor (VEGF) to enhance their 

angiogenic properties. Studies have shown that 45S5, when coated with VEGF, can increase the 

vascular network inside a scaffold, making it a promising material for enhancing tissue 

regeneration in soft tissue engineering [Chen et al., 2006; Jones J R, 2013]. 

Furthermore, research has demonstrated that 45S5 bioactive glass is angiogenic even in low 

concentrations. It has been suggested that it may upregulate VEGF production from soluble 

reaction products when co-cultured with human microvascular endothelial cells in vitro. These 

findings make bioactive glasses like 45S5 intriguing materials for soft tissue engineering 

applications, particularly in wound care, where their angiogenic properties could help promote 

faster and more efficient wound healing [Day et al., 2005; Gorustovich et al., 2010 & Mao et al., 

2015]. Numerous studies have shown that bioactive ions like Ca2+ and SiO4 4- released from 

bioactive glasses (BG) can influence cell fate and interactions. These ions activate paracrine 

effects during wound healing, such as enhancing interactions between human dermal fibroblasts 

and human umbilical vein endothelial cells. This, in turn, promotes vascularization and the 

deposition of extracellular matrix proteins [Xu et al., 2017 & Kong et al., 2018]. 

Also, bioactive glass has been shown to possess antimicrobial properties, making it effective 

against a wide range of pathogens [Hu et al., 2009; da Silva Buriti et al., 2021]. This property is 
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particularly beneficial in wound care, as it helps prevent infections and promotes faster healing. 

Additionally, bioactive glass can absorb excess exudate from wounds, maintaining a moist 

environment that is conducive to healing [Homaeigohar et al., 2022]. 

Severe blood loss, known as exsanguination, is a significant contributor to mortality globally. 

Bioactive glasses (BGs) are increasingly recognized as effective hemostatic agents. They have 

shown promise in enhancing the activation of the intrinsic pathway of blood coagulation, making 

them valuable candidates for managing bleeding. Interestingly, bioactive glass, a silicate-based 

biodegradable material, serves a dual function in hemostasis. The calcium ions released from 

bioactive glass act as cofactors, aiding in the alignment of protein assemblies and the activation 

of enzymes involved in fibrin production and coagulation cascades. Additionally, the high 

surface area of bioactive glass is crucial for effectively facilitating thrombosis [Ostomel et al., 

2006]. 

Overall, the special applications of bioactive glass in wound care and hemostasis highlight its 

immense potential in modern medicine. As researchers continue to explore its capabilities and 

refine its formulations, bioactive glass is poised to revolutionize the treatment of wounds and 

bleeding disorders, offering patients faster healing, reduced complications, and improved 

outcomes. 

1.3.Background 

A. The Cascade of Wound Healing 

The wound healing cascade denotes a series of meticulously orchestrated physiological processes 

set in motion in response to tissue injury, with the ultimate goal of repairing damage and 

reinstating tissue integrity. This intricate sequence encompasses four distinct yet interconnected 

phases: hemostasis, inflammation, proliferation, and remodeling [Sun et al., 2014 & Rodrigues et 

al., 2019]. 

a. Hemostasis:  

The hemostasis phase unfolds in two primary components—primary and secondary 

hemostasis—both swiftly activated in the immediate aftermath of an injury [Gale et al., 2011]. 

Initially, primary hemostasis initiates, involving vasoconstriction to minimize blood loss and the 
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formation of an initial platelet plug through the aggregation of platelets within the bloodstream 

[Broughton et al., 2006]. This platelet plug serves as the initial barrier to staunch bleeding 

[Schultz et al., 2003]. Subsequently, secondary hemostasis engages, working towards the 

formation of a fibrin clot that definitively arrests bleeding. The extrinsic coagulation pathway is 

promptly set in motion by tissue factors released from damaged endothelial cells, triggering a 

swift release of thrombin [Witte et al., 1997]. Concurrently, the intrinsic coagulation pathway is 

activated through the initiation of Factor XII, which occurs upon exposure of endothelial 

collagen due to endothelial damage [Schultz et al., 2003]. This pathway continues thrombin 

release once the extrinsic pathway deactivates. Thrombin plays a vital role by converting 

fibrinogen into fibrin, which then binds to the platelet plug. The resulting clot acts as a scaffold, 

facilitating the attachment of immune cells, endothelial cells, fibroblasts, growth factors, and 

cytokines [Schultz et al., 2003]. 

b. Inflammation:  

After the hemostasis phase, the early stage of inflammation begins around 24-48 hours post-

injury. This phase is marked by the migration of leukocytes, especially neutrophils, to the wound 

area. The clot formation increases vascular permeability, allowing leukocytes to enter the clot 

and eliminate pathogens, transforming them into exudates [Young et al., 2011; Broughton et al., 

2006 & Han et al., 2017]. Neutrophils also release proteases and reactive oxygen/nitrogen 

species (ROS/RNS), aiding in tissue degradation [Schultz et al., 2003; Wu et al., 2018]. This 

stage creates a scaffold for cell migration and proliferation. Reactive oxygen species (ROS) such 

as hydroxyls, superoxide anions, and hydrogen peroxide are produced during cellular activities 

and increase during inflammation, influencing cellular responses [Dunnill et al., 2017]. ROS 

levels regulate proliferation, inflammation, and apoptosis. Reactive nitrogen species (RNS), like 

nitrogen oxide (NO), have functions similar to ROS but do not regulate vasoconstriction. In later 

inflammation, macrophages take over, clearing debris and producing proteases and ROS/RNS 

[Broughton et al., 2006; Bylund et al., 2014]. Macrophages also stimulate cytokines and growth 

factors, promoting inflammatory or proliferative responses [Dunnill et al., 2017; Raja et al., 

2007; Shen et al., 2009 & Trachootham et al., 2008]. In the anti-inflammatory phase, 

macrophages favor the M2 phenotype [Koh et al., 2011], reducing inflammatory cytokines and 

increasing anti-inflammatory cytokines [Suzuma et al., 1998 & Gonzalez et al., 2016]. 
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Macrophages also stimulate fibroblast proliferation [Riedel et al., 2007 & Kiritsi et al., 2018], 

which becomes an alternative source of cytokines and growth factors, facilitating the subsequent 

proliferation phase[Barrientos et al., 2008; Kiritsi et al., 2018 & Battegay et al., 1994]. 

 

Fig. 1.1: Schematic representation of the wound healing cascade 

 

c. Proliferation:  

The proliferation phase begins once the wound is cleaned, providing a surface for fibroblasts to 

attach. It overlaps with the inflammation phase and lasts about three weeks, involving 

angiogenesis, re-epithelialization, and extracellular matrix (ECM) deposition. 

Angiogenesis: Triggered by low oxygen levels leading to increased expression of Hypoxia-

inducible Factor-1α (HIF-1α) [Riedel et al., 2007 & Kiritsi et al., 2018], angiogenesis involves 

the migration and proliferation of endothelial cells to repair and create blood vessels. Factors like 

VEGF, FGF2, TGF, KGF, PDGF, and TNF-α promote angiogenesis and stabilize the vasculature 

[Barrientos et al., 2008; Kiritsi et al., 2018 & Battegay et al., 1994]. 
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Re-epithelialization: This process starts with the proliferation of epithelial cells at the wound 

edge, followed by migration to cover the wound [Broughton et al., 2006; Young et al., 2011]. 

Growth factors like EGF, KGF, and TGF-β [Grazul-Bilska et al., 2003; Fan et al., 2006 & 

Amendt et al. 1998] stimulate keratinocyte proliferation and migration [Ando et al., 1993], while 

factors like PDGF, IL-1, and IL-6 indirectly enhance re-epithelialization [Barrientos et al., 2008]. 

ECM Deposition: Fibroblasts become active and secrete ECM proteins like collagen, fibronectin, 

and hyaluronan [Schultz et al., 2003] in response to TGF-β and PDGF [Witte et al., 1997; 

Broughton et al., 2006 & Meckmong et al. 2008]. This forms a temporary matrix called 

granulation tissue, which matures over time. Wound contraction, signaling the end of the 

proliferation phase, starts around seven days after injury [Young et al., 2011]. 

d. Remodeling:  

The remodeling phase activates following the initial wound closure, aligning with ongoing 

processes of ECM production and myofibroblast differentiation [Schultz et al., 2003]. During 

this phase, the balance between ECM production and degradation occurs, along with fibroblast 

apoptosis and the elimination of initial capillaries [Schultz et al., 2003]. Collagen and other ECM 

components reorganize, adopting a more aligned structure. Comprehensive wound regeneration 

is achieved, but the tissue never fully regains the same strength and functionality as normal 

tissue. Only around 50% recovery occurs within three months, and approximately 60-70% is 

achieved over the long term [Young et al., 2011 & Frykberg et al., 2015]. Excessive secretion of 

TGF-β, along with other contributors such as CTGF, PDGF, and IL-4, poses a risk of scarring 

[Branton et al., 1999]. Scarring can manifest as hypertrophic scars or keloids, both functionally 

impaired and susceptible to recurrent trauma, viral infections, and even the development of 

malignancies [Friedman et al., 2013 & Sun et al., 2011]. 

B. Hemostasis  

Hemostasis is the complex physiological process that the human body utilizes to stop 

bleeding and maintain vascular integrity when blood vessels are injured. It involves a series 

of interrelated steps and biochemical reactions, collectively known as the hemostasis cascade 

[Hoffman et al., 2001 & Versteeg et al., 2013]. The cascade consists of three primary phases: 
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vascular phase, primary hemostasis, and secondary hemostasis. Here's an overview of each 

phase: 

Vascular Phase: 

The first response to blood vessel injury is vasoconstriction, which reduces blood flow to the site 

of injury [Waugh et al., 2001]. Endothelial cells that line the blood vessels release substances 

like endothelin and thromboxane A2 to help constrict the vessel [Sherwood et al., 2016]. 

Additionally, the endothelial cells become sticky and release von Willebrand factor (vWF), 

which plays a role in platelet adhesion [Atluri et al., 2006]. 

Primary Hemostasis: 

This phase involves the formation of a temporary platelet plug at the site of injury. Platelets, 

which are small cell fragments in the blood, play a crucial role in primary hemostasis [Waugh et 

al., 2001]. When exposed to collagen and vWF from the damaged endothelium, platelets adhere 

to the site of injury. This adherence activates the platelets, causing them to change shape and 

release granules containing factors that enhance platelet aggregation [Ruggeri et al., 1999]. 

Platelet aggregation results in the formation of a plug that temporarily seals the damaged vessel 

[Martini et al., 2018]. 

Secondary Hemostasis: 

Secondary hemostasis is a more complex phase involving a cascade of enzymatic reactions that 

lead to the formation of a stable blood clot. It primarily occurs through the coagulation cascade, 

which can be divided into the intrinsic and extrinsic pathways. 

Intrinsic Pathway: Triggered when blood comes into contact with exposed collagen within the 

damaged blood vessel. This pathway involves factors VIII, IX, XI, and XII. 

Extrinsic Pathway: The extrinsic pathway requires tissue factor, which is located in the tissue 

adventitia and comes in contact with blood only after vascular injury [Maynard et al., 1975, 

1977; Weiss et al., 1989, Wilcox et al., 1989]. Activated by tissue factor (also known as factor 

III), which is released from injured tissues. This pathway involves factors VII, X, and the 

common pathway. 
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Both pathways converge into a common pathway that ultimately leads to the activation of factor 

X. Activated factor X converts prothrombin into thrombin in the presence of calcium ions and 

other cofactors. Thrombin, in turn, converts soluble fibrinogen into insoluble strands of fibrin, 

forming a mesh that traps blood cells to create a stable clot. The clotting process is carefully 

regulated by anticoagulant factors to prevent excessive clot formation. 

Clot Retraction and Repair: 

After the stable clot is formed, it undergoes clot retraction, where the fibrin strands contract and 

pull the edges of the broken vessel closer together. This process helps to minimize the size of the 

damaged area and promotes healing [Nurden A T, 2023]. 

Fibrinolysis: 

Once the injury is repaired, the body initiates fibrinolysis, a process that gradually dissolves the 

clot. Plasmin, an enzyme, breaks down fibrin strands into soluble fragments, allowing the clot to 

be gradually removed [Kwaan H C., 2014; Hvan C L., 2023]. 

Hemostasis is a finely balanced process involving various factors and mechanisms to ensure that 

bleeding stops when necessary, but also to prevent excessive clotting within the bloodstream. 

Disruptions in this balance can lead to bleeding disorders or thrombotic conditions. 
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Fig. 1.2: Schematic representation of the coagulation cascade. 

1.4.Brief description of the material under discussion: 

Normal wound healing follows a four-stage process, and any disruption in these stages can lead 

to chronic wounds characterized by bacterial colonization, reduced blood supply, and weakened 

immune responses, causing significant health issues. Current clinical treatments for such chronic 

wounds primarily focus on protection but often fall short in promoting actual healing (Gao et al., 

2021). 

Bioactive glasses (BGs) are currently under intense research scrutiny due to their potential in 

facilitating soft tissue regeneration. They have been shown to enhance the migration of 

fibroblasts, stimulate the secretion of various growth factors, and reorganize the extracellular 

matrix [Tang et al., 2021]. BGs can also promote neovascularization by upregulating the 
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expression of angiogenic genes and facilitating gap junction formation in human umbilical vein 

endothelial cells (HUVECs). 

Wound healing presents significant challenges in the medical field, spanning diverse clinical 

scenarios such as skin regeneration, chronic wounds (e.g., non-healing diabetic ulcers), mucous 

membrane damage, and the utilization of surgical sutures [Holl et al., 2021; Ding et al., 2022]. 

The skin serves a dual role in safeguarding the body from pathogens and maintaining bodily 

equilibrium. When the skin is injured, it is vital to promptly cover the affected area with a 

dressing that can establish a slightly moist environment, prevent infections, alleviate pain, and 

manage excess fluids [Ding et al., 2022]. 

In an intriguing animal study conducted by Gillete et al., the researchers explored the effects of 

incorporating bioactive glass (BAG) particulates into incisions during the healing of fully 

sutured, full-thickness skin wounds in dogs. Interestingly, the introduction of these glass 

particles into soft tissues did not induce a severe inflammatory response. Instead, it initially 

resulted in an increase in histological signs of inflammation, which gradually diminished over 

time. Moreover, at the 5-day mark, wounds treated with bioactive glass exhibited significantly 

higher subcutaneous breaking strength compared to control wounds. This suggests that bioactive 

glass may offer advantages in situations where early wound strength is crucial [Gillete et al., 

2001]. 

In the field of wound healing, scientists have extensively explored the potential of specific 

metallic cations to act as antibacterial agents, providing an alternative to traditional antibiotics 

that may contribute to bacterial resistance. Bioactive glass proves valuable in this pursuit as it 

can be enriched with various metal oxides, enabling the controlled release of therapeutic ions 

directly at the wound site. Gallium (Ga), silver (Ag), and copper (Cu) have been studied for their 

antibacterial properties when incorporated into silicate and phosphate glasses [Pawar and Shinde, 

2024]. 

For instance, even a modest concentration of 1 mol% of Ga2O3 in a phosphate glass has 

demonstrated effectiveness in delivering potent antibacterial effects through the gradual release 

of Ga3+ ions [Valappil et al., 2008; Valappil et al., 2009]. Similarly, silver has shown its ability 

to support the healing of sterile skin wounds by reducing inflammatory and granulation tissue 
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phases [Lansdown et al., 1997] while also exhibiting bactericidal action by damaging bacterial 

RNA and DNA [Lansdown et al., 2005]. The inclusion of 3 wt% Ag2O in silicate glass has 

imparted antimicrobial properties without compromising the material's bioactivity [Bellantone et 

al., 2002a, Bellantone et al., 2002b]. In vitro studies have highlighted the antibacterial and 

antifungal effects of silver-coated glass particles. These principles have been applied to the 

development of surgical sutures that integrate bioactive and antibacterial components, resulting 

in versatile composite materials suitable for advancing wound healing applications. 

Researchers have explored the clinical applications of bioactive glass (BG) for the healing of oral 

mucosal tissue [Stoor et al., 1998]. For instance, an implant made of S53P4 glass demonstrated 

strong and relatively fast antimicrobial properties, effectively inhibiting the growth of various 

oral pathogens. These granules and disks were successfully employed for closure in most cases, 

with no issues of implant extrusion or infections reported [Stoor et al., 1999]. Furthermore, these 

glass materials showed promise in treating atrophic rhinitis, effectively restoring normal to 

mucosal membranes. Additionally, certain commercial products containing silver-doped 

phosphate glass, such as wound care film dressings and tropical powders, are already available 

on the market, providing extended infection control benefits [Stoor et al., 2001]. 

The literature has conflicting findings regarding the anti-inflammatory effects of bioactive 

glasses (BGs). Some studies suggest that certain BGs, like sol-gel-derived SiO2-P2O5-CaO BGs 

and bioactive glass-ceramics, can induce inflammation by stimulating macrophage proliferation. 

For example, the 45S5 BG was found to increase the expression of pro-inflammatory factors 

such as TNF-α and TNF-α-mRNAs in peritoneal macrophages and monocytes [Bosetti et al., 

2002]. Additionally, the hydroxycarbonate apatite (HCA) formed from BG dissolution products 

can contribute to inflammation by up-regulating interleukins (IL) like IL-1, TNF-α, IL-6, and IL-

8. However, other studies suggest that certain BGs, including 45S5, exhibit anti-inflammatory 

properties. Treatment with 45S5 was shown to significantly decrease IL-6 levels in macrophages 

and monocytes, with minimal changes in TNF-α and IL-10 [Bosetti et al., 2002; Zheng et al., 

2021]. 45S5 BGs were also reported to activate macrophages toward the anti-inflammatory M2 

phenotype, leading to a decrease in IL-1 and TNF-α expression and an increase in anti-

inflammatory factors like IL-10, VEGF, FGF-2, and TGF-β. The effect of BGs on macrophage 

response depends on the BG dose used. Lower doses promoted a switch from pro-inflammatory 
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M1 to anti-inflammatory M2 macrophage phenotypes and reduced pro-inflammatory factors 

[Sridharan et al., 2015; Spiller et al., 2015; Spiller & Koh, 2017]. However, higher doses led to 

significant inflammation, characterized by increased pro-inflammatory factors and decreased cell 

numbers. Furthermore, the dissolution products of certain MBGs (75SiO2-20CaO-5P2O5) 

conditioned in DMEM for 24 hours reduced the number of macrophages while maintaining the 

percentage of M1 phenotypes. The anti-inflammatory responses of BGs are thought to be 

influenced by soluble silica released by BGs. Silicon-based materials, like coral sand and sodium 

metasilicate, have been used in treating inflammatory diseases due to their anti-inflammatory 

properties, including down-regulation of TNF-α and modulation of antioxidant enzymes [Liu et 

al., 2020, Zheng et al., 2021]. 

Research by Zhao et al. [2015] explored the effects of BG scaffold dissolution products 

(SiO2:CaO:P2O5 = 80:15:5) on RAW cells in both inflammatory and anti-inflammatory states, 

showing increased expression of IL-1, IL-6, and Arginase (an anti-inflammatory gene) and 

decreased IL-10 and TNF-α in both conditions. 

Similarly, the use of alginate hydrogels containing SiO2-CaO-P2O5 BG increased the M2 

macrophage phenotype (anti-inflammatory) and down-regulated inflammatory cytokines while 

up-regulating anti-inflammatory cytokines. These effects can promote tissue regeneration, 

including fibroblast proliferation, migration, expression of growth factors (VEGF, FGF-2, and 

TGF-β), and angiogenesis [Zhu et al., 2020]. These anti-inflammatory and regenerative effects 

have been demonstrated in diabetic rat models and in normal and macrophage-depleted mice, 

highlighting the potential of BGs in tissue regeneration and inflammation reduction, particularly 

in wound healing and other medical applications [Zhu et al., 2020; Nie et al., 2024]. 

Angiogenesis, the formation of new blood vessels, plays a crucial role in wound healing by 

facilitating the penetration of capillaries into wound clots. Bioactive glasses (BGs) have been 

found not only to exhibit antibacterial effects but also to stimulate angiogenesis in both 

laboratory experiments and living organisms. For example, studies involving the incorporation of 

45S5 Bioglass into poly(glycolic acid) (PGA) meshes have demonstrated an increase in 

neovascularization, beneficial for engineering large soft tissue constructs [Day et al., 2004]. 

Recent research has explored the application of BAG ointments in cutaneous wounds, showing 
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that they expedited wound healing by promoting fibroblast proliferation and the growth of 

granulation tissue. Various bioactive glasses (BGs), including 45S5 BG and others, have shown 

promising pro-angiogenic properties, promoting blood vessel formation and tissue regeneration. 

Studies have demonstrated that these BGs stimulate the expression of pro-angiogenic factors like 

VEGF and FGF-2 and enhance blood vessel density in in vitro and in vivo models [Day R M, 

2005, Pawar & Shinde, 2024]. Incorporation of BGs into scaffolds and hydrogels has also been 

found to promote angiogenesis and tissue healing. The release of ions, particularly SiO44- and 

calcium, from BGs plays a crucial role in their pro-angiogenic effects [Dashnyam et al., 2017]. 

SiO44- ions stimulate endothelial cell tubule formation and promote the expression of angiogenic 

factors like VEGF and FGF-2 through HIF-1α upregulation [de Laia et al., 2021]. Shi et al. 

[2021] examined how bioactive glass (BG) affects vascular endothelial growth factor (VEGF) 

paracrine signaling in cardiomyocytes. They discovered that BG stimulates the production and 

secretion of bioactive ions by cardiomyocytes. Importantly, they demonstrated that VEGF, 

derived from cardiomyocytes, plays a significant role in influencing endothelial cell behavior. 

Additionally, their research revealed that BG upregulates the phosphoinositide-3-kinase 

(PI3K)/protein kinase B (Akt)/hypoxia-inducible factor 1α (HIF-1α) signaling pathway in 

cardiomyocytes, which is responsible for the increased expression of VEGF [Shi et al., 2021]. 

Calcium released from BGs triggers calcium intake in cells, activating signaling pathways 

involved in angiogenesis and growth factor binding. Co-culturing BGs with other cell types, such 

as stem cells and endothelial cells, has shown synergistic effects on angiogenesis. BG fibers also 

provide a supportive network for endothelial cell attachment and migration, further promoting 

blood vessel formation. Nano-sized particles of 45S5 Bioglass have proven particularly effective 

in healing wounds and enhancing the production of growth factors like VEGF and FGF2, crucial 

in the wound healing process. Additionally, researchers have examined cobalt-doped glasses to 

encourage angiogenesis by releasing Co2+ ions, mimicking hypoxic conditions. However, it is 

crucial to exercise caution and consider potential risks associated with cobalt toxicity in vivo 

when exploring this approach further de [Laia et al., 2021]. In recent years, scientists have 

developed experimental constructs based on bioactive glasses (BGs) specifically for the field of 

skin tissue engineering. These constructs, available in both 2D and 3D forms, include 

nanofibrous gelatin/Bioglass composite hydrogels, composite membranes, and ultrathin 

mesoporous bioactive glass (MBG) hollow fibers. These innovative structures aim to provide 
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support for regenerating tissue and facilitate the controlled delivery of drugs, contributing to the 

wound healing process. 

Moreover, bioactive glasses have shown promise in promoting the healing of internal wounds 

within the gastrointestinal tract, with an observed antacid effect beneficial in aiding the recovery 

of gastric ulcers. Notably, 45S5 Bioglass particles have actively played a role in healing 

superficial injuries to the intestinal mucosa by promoting the restoration of the epithelial layer. 

These findings underscore the versatile applications of bioactive glasses in the realms of wound 

healing and tissue regeneration, offering promising solutions to a range of medical challenges. 

Table 1.1. Brief discussion of the clinical status of the bioactive glass in wound healing 

Application Material used Clinical 

use 

MoA Effect Remarks 

Wound healing Polymeric sutures 

coated with Ag-

doped BAG 

ointments, 

Fibrous glass or 

polymer glass 

composite 

constructs, 

composite films 

with Ag-doped 

BAG 

Yes Release of ion 

dissolution 

products (e.g. 

boron) promoting 

blood  

microvessels 

formation. The 

glass releases 

antibacterial ions 

(Ag+, Cu2+, Ga3+) 

that disrupt 

bacterial RNA 

and DNA 

replication or 

induce damage to 

the bacterial cell 

membrane. 

Antimicrobial and 

antifungal action 

(e.g. Inhibition of 

biofilm formation, 

inhibition of 

pathogen 

replication), 

Angiogenic action. 

Trials conducted 

in humans, dogs, 

and rats have 

been undertaken, 

and certain 

commercial 

products are now 

accessible. The 

ions liberated by 

bioactive glass 

(BG) can induce 

advantageous 

antibacterial, 

antifungal, and/or 

angiogenic 

effects, 

particularly 

beneficial for the 

process of wound 

healing. 
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One crucial factor in the transition from the inflammatory phase to angiogenesis is connexin43 

(Cx43), a protein that plays a pivotal role in cellular communication and tissue homeostasis. BGs 

have been found to modulate the expression of Cx43, thus aiding in angiogenesis, fibroblast 

migration, and the proliferation of keratinocytes, ultimately promoting wound healing (Li et al., 

2016). Furthermore, the calcium ions released by BGs assist in cell migration and the re-

epithelialization of dermal cells. 

Bioactive glasses (BGs) have emerged as promising materials for promoting epithelialization, the 

process critical for wound healing. Epithelialization involves the proliferation and migration of 

epithelial cells, primarily keratinocytes, culminating in wound closure. BGs have been studied 

extensively for their ability to enhance this process through various mechanisms. One of the 

fundamental studies on BGs and epithelialization focused on gingival epithelium. It compared 

the efficacy of BGs in promoting epithelial cell proliferation with a bioabsorbable membrane, 

showing that BGs could significantly increase the proliferative index of epithelial cells compared 

to the membrane. This indicated BGs' potential to enhance epithelialization in clinical settings. In 

a co-culture system with intestinal epithelial cell monolayers and subepithelial fibroblasts, 45S5 

bioactive glass powder demonstrated substantial epithelialization, with wound closure reaching 

600% at a specific dose. This effect was attributed to the migration and restitution of original 

epithelial cells. Moreover, research has shown that culturing human dermal fibroblasts on 45S5 

dissolution products led to a significant increase in epidermal growth factor (EGF) secretion, 

further indicating the potential of BGs in promoting re-epithelialization. The release of calcium 

ions from BGs plays a pivotal role in promoting epithelialization. Calcium ions regulate the 

growth and differentiation of epidermal cells, promoting their proliferation and differentiation. 

Silicates in BGs have also been found to promote EGF expression from keratinocytes, further 

supporting epithelialization. Additionally, BGs stimulate connexin 43, a protein involved in gap 

junction intercellular communication, which promotes epithelialization by facilitating cell-cell 

communication. Furthermore, BGs interact with macrophages to create an anti-inflammatory 

environment, which accelerates wound closure. This paracrine effect enhances the expression of 

transforming growth factor-beta (TGF-β) in macrophages, contributing to wound healing. 

Macrophages play a vital role in re-epithelialization, as evidenced by slower wound closure in 

macrophage-depleted mice compared to normal mice. Various formulations of BGs have 

demonstrated efficacy in promoting epithelialization. These include sol-gel and melt-derived 
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BGs, as well as BG-containing scaffolds and composites. For instance, Vaseline containing BGs 

led to faster wound closure in vivo on full-thickness wounds in rats. Collagen and 

polycaprolactone (PCL) fibrous scaffolds containing BG nanoparticles enhanced in vitro 

epithelialization in human epidermal keratinocytes (HaCaTs) and promoted wound closure in 

vivo. Additionally, BG-containing agarose-alginate composites and a poly(D,L-lactic acid) 

(PDLLA) electrospun membrane containing BGs exhibited accelerated wound healing rates in 

animal models. 

In summary, BGs have demonstrated significant potential in promoting epithelialization through 

various mechanisms, including the release of calcium ions, promotion of growth factors 

secretion, enhancement of cell-cell communication, and modulation of the inflammatory 

environment. These findings highlight the therapeutic potential of BGs in enhancing wound 

healing and tissue regeneration. 

BG-based electrospun fibers, as demonstrated by Gao et al. (2021), mimic the properties of fibrin 

clots, creating a microenvironment resembling the extracellular matrix (ECM) that covers the 

wound bed and facilitates the healing process. The porous and cottony texture of these 

micronanofibers provides a large surface area, regulates moisture levels at the wound site, and 

offers mechanical support, thereby promoting re-epithelialization during the later stages of 

healing. Additionally, they have the capacity to activate key factors such as vascular endothelial 

growth factor (VEGF), vascular cell adhesion protein 1 (V-CAM 1), and fibroblast growth factor 

receptor 1 precursor (N-sam), contributing to neovascularization [Saha et al., 2020].  

Bioactive glasses (BGs) stimulate the expression of collagen and other extracellular matrix 

(ECM) proteins, aiding in tissue regeneration. BGs promote collagen type I expression from 

fibroblasts and induce MMP1 secretion from mesenchymal stem cells (MSCs). Recent studies 

show BGs' ability to stimulate collagen type II formation by chondrocytes, crucial for 

chondrogenesis. Ions released by BGs, like SiO4
4- and Ca2+, promote collagen and fibronectin 

production in skin ECM. BGs incorporated into scaffolds enhance collagen deposition in soft 

tissues and promote fibroblast migration and ECM protein expression. However, some BG 

formulations may down-regulate certain ECM proteins, possibly due to poor adhesion to ECM 
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proteins. In vivo studies demonstrate increased ECM deposition in systems containing BGs, 

indicating their potential for tissue engineering applications. 

Bioactive glasses (BGs) have gained attention in various biomedical applications, including 

hemostasis. Their role in hemostasis primarily involves their ability to promote blood clotting 

and control bleeding. BGs have a surface chemistry that can initiate and accelerate the 

coagulation process. When BGs come into contact with blood, they activate the intrinsic and 

extrinsic coagulation pathways by interacting with blood proteins and platelets. This interaction 

promotes the aggregation of platelets and the formation of a stable blood clot at the site of injury. 

BGs can adhere to the wound site and serve as a hemostatic agent. They help control bleeding by 

providing a scaffold for platelets and blood proteins to adhere to, facilitating the formation of a 

clot. This is particularly beneficial in cases of surgical procedures or traumatic injuries where 

rapid hemostasis is essential. BGs release calcium ions, which play a crucial role in the 

coagulation cascade. Calcium ions are required for the activation of various coagulation factors 

and enzymes, including prothrombin to thrombin conversion. Therefore, the presence of calcium 

ions from BGs can enhance the efficiency of the clotting process. BGs interact with blood 

components such as fibrinogen and von Willebrand factor (vWF), which are involved in platelet 

activation and clot formation. These interactions promote the adhesion of platelets and the 

formation of a stable fibrin clot. 



19 | P a g e  
 

 

Fig. 1.3. Schematic illustration of the biological effects of various ions released from the 

bioactive glass 
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Chapter 2: Literature Survey 
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2.1.Literature Survey 

Bioactive glasses have significantly influenced the healthcare sector and played a pivotal role in 

advancing modern regenerative medicine through biomaterials. Larry Hench's creation of the 

initial 45S5 glass composition fifty years ago marked a momentous breakthrough. This 

composition demonstrated the ability to bond with living bone and stimulates osteogenesis by 

releasing biologically active ions. Over time, medical products containing 45S5 glass have been 

implanted in millions of patients worldwide, mainly for treating bone and dental issues. 

Additionally, different formulations of bioactive glass have been suggested for novel biomedical 

purposes, such as soft tissue repair and drug delivery. Despite significant progress, the complete 

potential of bioactive glasses remains untapped, with many current achievements once 

considered impossible during the early stages of research. As a result, research in this field is 

vibrant and collaborative, requiring cooperation among glass chemists, bioengineers, and 

clinicians from various backgrounds. 

2.2.FDA approved bioactive glass materials in woundcare and hemostasis application 

Existing literature demonstrates that bioactive glasses (BGs) have predominantly found 

applications in connection with bone tissue, but there is emerging potential for their use in soft 

tissue repair as well. As far as the author is aware, there are currently only two BG-based 

commercial products explicitly designed to promote angiogenesis. One of these products is a 

biodegradable borate BG with a structure resembling that of a fibrin clot, which has been shown 

to accelerate wound healing in both animal and human patients. These BG nanofibers, known as 

DermaFuse®/ Mirragen®, have notably aided in the healing of chronic venous stasis ulcers in 

diabetic patients who did not respond to conventional treatments [Masoud et al., 2020]. Research 

conducted using a rat subcutaneous model has indicated that the angiogenic effect can be 

enhanced by incorporating a small amount of copper into the BG, which is gradually released 

into the surrounding biological environment. The veterinary medicine product 'RediHeal' is 

commercially available and received FDA approval for human clinical use in 2016. 
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Table 2.1. Brief description of the various market available bioactive glass based products in 

wound healing application 

Commercial 

marketed 

formulation 

Manufacturer Application Type of 

dosage form 

Glass 

system 

Biological 

application 

Dermafuse®/ 

Mirragen® 

ETS wound 

Care, USA 

Human Fibre Borate Diabetic pressure, 

trauma wounds, 

vascular ulcers, 

surgical incisions, 

burns [Masoud et 

al., 2020]. 

Dermfactor® UEG Medical 

Group Ltd., 

China 

Human Powder Silicate Chronic wounds, 

diabetic ulcers, 

surgical incisions, 

burns, bedsores 

[Chen et al., 

2018]. 

TendahealTM Tenda Horse 

products, 

LLC, USA 

Animal Fibre, spray, 

hydrogel, 

cream 

Borate Chronic and 

severe wounds, 

sores, cuts, 

scrapes, 

abrasions, 

scratches, hot 

spots, skin rashes, 

burns, abscesses 

and post surgical 

sites [Pawar & 

Shinde, 2024]. 

Arglaes® Medline 

Industries, 

Human Powder, film Phosphate 

(Ag doped) 

Full thickness 

wounds and 
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USA management of 

infection [Baino 

et al., 2016; baino 

et al., 2018]. 

RedihealTM Avalon 

Medical, USA 

Animal Ointment, 

fibre 

Borate (Cu 

doped) 

Promote 

angiogenesis, 

trauma wounds, 

surgical wounds, 

pressure sores, 

chronic and soft 

tissue wounds 

[Pawar & Shinde, 

2024]. 

Theraglass® Medcell, UK Human Powder Silicate Promote 

angiogenesis 

[Kargozar et al., 

2018]. 

 

2.3.Bioactive glass in wound healing and hemostasis - ongoing research 

Lin et al. (2012) conducted a study to investigate the effects of bioactive glass (BG) on the 

healing of cutaneous wounds in normal rats and rats with diabetes induced by streptozotocin. 

They used a BG ointment containing a mixture of sol-gel BAG 58S (SGBG-58S), nanobioactive 

glass (NBG-58S), and melt-derived 45S5 Bioglass powder with Vaseline (V) at 18 wt% to treat 

full-thickness excision wounds, with pure Vaseline used as a control. NBG-58S was found to 

consist of nanoparticles that were more dispersible and smaller in size compared to SGBG-58S. 

The results showed that bioactive glasses promoted efficient wound healing, with ointments 

containing SGBG-58S and NBG-58S demonstrating faster and more effective healing than the 

ointment containing 45S5 Bioglass. Histological analysis revealed that BGs promoted fibroblast 

proliferation and the growth of granulation tissue. Immunohistochemical staining showed 

increased production of growth factors such as VEGF and FGFs, which are beneficial for wound 
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healing. Transmission electron microscopy (TEM) observations indicated that fibroblasts in 

wounds treated with BGs exhibited more rough endoplasmic reticula and had formed new 

capillary microvessels by the 7th day. Both SGBG-58S and NBG-58S accelerated skin wound 

recovery in both normal and diabetic rat models, suggesting their potential for future use in 

wound repair. Mao et al. (2014) conducted a study to assess the healing effects of bioactive glass 

(BG) and Yunnan baiyao ointments in diabetic rats induced by streptozotocin. The ointments 

were formulated by combining 45S5 Bioactive glass powder (16% wt.) with Vaseline and 

different weight percentages of Yunnan baiyao. Full-thickness defect wounds were created on 

the backs of 130 SD rats and divided into 8 groups. Wound healing rates were evaluated at 

various time points, and tissue samples were collected for further analysis. Group 6, which 

received ointment with 5% Yunnan baiyao, demonstrated superior wound healing performance 

compared to other diabetic groups. This group exhibited reduced inflammatory responses, as 

evidenced by gross observations and confirmed through histological and TEM examinations. 

Additionally, fibroblast proliferation, granulation tissue formation, and vascularization were 

enhanced in group 6 compared to the other diabetic groups. 

Mârza et al. (2019) evaluated the impact of bioactive glass (BG) and gold-nanoparticles (BG-

AuNPs) composites on skin wound healing in experimental rat models over 14 days. Sol-gel 

derived BGs and BG-AuNPs composites mixed with Vaseline at 6, 12, and 18 wt% were used. 

The 18% BG-AuNPs-Vaseline treated group exhibited a strong vascular proliferation and 

complete wound regeneration, suggesting its potential as a promising candidate for wound 

healing applications. 

Özarslan et al. (2023) developed a zinc-doped bioactive glass (BG) by incorporating 5 wt% zinc 

into 45S5 BG (16 wt%). They formulated an ointment for wound healing by mixing this zinc-

doped BG with Vaseline. The ointment exhibited pseudoplastic behavior and viscoelastic 

properties, indicating its suitability for topical application. It was found to be non-toxic to L929 

cells, confirming its cytocompatibility for topical use. In vitro wound healing assays showed that 

the ointment promoted wound healing by accelerating skin wound closure, likely due to the 

presence of zinc in the formulation. 

Zeng et al. (2015) designed a BG/agarose-alginate (AA) hydrogel, has thermosensitivity 

allowing it to gel at physiological temperature through the interaction between the agarose and 
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alginate polymer chains. The hydrogel promote migration of fibroblasts and endothelial cells and 

it can also enhance the angiogenesis of endothelial cells in a fibroblast-endothelial cell co-culture 

model in vitro. The results demonstrate that the BG/AA hydrogel can enhance blood vessel and 

epithelium formation, which contribute to wound healing. Wang et al. (2016) prepared sol-gel 

derived bioactive glass nanoparticles (nBPs) with mean diameter of 12 nm (BP-12) and were 

mixed with gelatin to form an easy-to-use hydrogel as a dressing for skin wound. In vitro, the 

composite hydrogel of BP-12 and gelatin had good biocompatibility with the fibroblast cells. In 

vivo, rapid cutaneous-tissue regeneration and tissue-structure formation within 7 days was 

observed in the wound healing experiment performed in rats, exhibiting an easy-to-use wound 

dressing material. Zhou et al. (2018) developed a novel Bioglass/albumin composite hydrogel by 

utilizing dual-functional bioactive ions released from Bioglass, which on one side controls the 

gelling time by creating an alkaline environment to regulate the cross-linking reaction between 

human serum albumin and succinimidyl succinate modified poly (ethylene glycol) and on the 

other side stimulates wound healing. The in vivo experiment confirms that this composite 

hydrogel has good bioactivity to stimulate angiogenesis and enhance chronic wound healing. 

Gao et al. (2019) developed a unique bioglass (BG)/oxidized sodium alginate (OSA) composite 

hydrogel with adipic acid dihydrazide (ADH)-modified γ-polyglutamic acid (γ-PGA) as the 

cross-linking agent, in which the BG plays a multifunctional role to endow the hydrogel with 

both dual-adhesive and bioactive properties. The composite hydrogel showed excellent 

bioactivity to promote vascularization and accelerate tissue regeneration. Zhu et al. (2019) 

developed composite hydrogels named Gel-ZBG, consisting of zinc-doped bioactive glass 

(ZBG), succinyl chitosan (SCS), and oxidized alginate (OAL), as wound dressings to accelerate 

wound closure. The amino group from SCS and zinc ions released from ZBG exhibited strong 

antibacterial properties in the composite hydrogels, as confirmed by in vitro antibacterial tests. 

Additionally, the presence of silicon and calcium ions in ZBG played a crucial role in stimulating 

fibroblasts to produce beneficial factors for angiogenesis and wound closure. Furthermore, 

epidermal growth factor (EGF) was incorporated into the hydrogels to enhance cell proliferation 

and tissue remodeling in the wound bed. Zhu et al. (2020) studied the effects of a hydrogel made 

from bioactive glass (BG) and sodium alginate (SA) (BG/SA hydrogel) on macrophage behavior 

and their interactions with other repairing cells. They used macrophage-depleted mice to 

understand the role of macrophages in the regeneration of full-thickness skin wounds treated 
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with BG/SA hydrogel. The results showed that BG/SA hydrogel could induce macrophages to 

adopt an M2 phenotype, which is associated with anti-inflammatory effects, both in vitro and in 

vivo. This M2 polarization of macrophages led to increased expression of anti-inflammatory 

genes. Additionally, M2-polarized macrophages were found to recruit fibroblasts and promote 

vascularization of endothelial cells in both in vitro and in vivo experiments. Depletion of 

macrophages from the wound sites hindered the recruitment of repairing cells and reduced the 

formation of blood vessels and extracellular matrix (ECM), thereby slowing down skin 

regeneration. In a related study, Dong et al. (2017) investigated how bioactive glass (BG) 

influences the behavior of macrophages and the communication between macrophages and other 

repairing cells during wound healing. The findings revealed that BG's ionic products activated 

macrophages, prompting them to adopt the M2 phenotype and express a higher level of anti-

inflammatory and angiogenic growth factors compared to control medium. When BG powder 

was applied to full-thickness excisional wounds in rats, the wounds closed more rapidly 

compared to the control group. Additionally, there was reduced inflammation in the initial stages 

of healing, as evidenced by fewer neutrophils and more M2 macrophages present in the wound 

sites treated with BG compared to those without treatment. Wu and Li (2021) incorporated 

bioglass (BG) into alginate/ carboxymethyl chitosan (SA/CMCS) hydrogel in order to obtain a 

bioactive alginate/CMCS/BG(SA/CMCS/BG) hydrogel wound dressing with improved 

mechanical stability, bioactivity and antibacterial and coagulation ability. The findings 

demonstrated that the hydrogel could expedite the closure of skin wounds by modulating the 

body's inflammatory responses, promoting the growth of new blood vessels, and improving the 

deposition of collagen in the wound area. This indicates that SA/CMCS/BG hydrogels have 

potential as effective wound dressings for clinical use. Zhang et al. (2021) prepared an injectable 

hydrogel made of DFO grafted to SA/BG (DFO-SA/BG). Degradation of SA/BG hydrogel was 

modulated by grafting deferoxamine (DFO) to SA. The funtionalized grafted DFO-SA (G-DFO-

SA) was used to form G-DFO-SA/BG hydrogel. When the hydrogels were implanted 

subcutaneously, G-DFO-SA/BG hydrogel possessed a faster degradation and better tissue 

infiltration as compared to SA/BG hydrogel. In a rat full-thickness skin defect model, wound 

healing studies showed that, G-DFO-SA/BG hydrogel significantly accelerated wound healing 

process by inducing more blood vessels formation. Therefore, G-DFO-SA/BG hydrogel can 

promote tissue infiltration and stimulate angiogenesis. Mehrabi et al. (2022) developed a wound 
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dressing hydrogel by using thiolated chitosan (tCh)/oxidized carboxymethyl cellulose (OCMC) 

containing Cu-doped borate bioglass (BG) to improve wound healing in a full-thickness skin 

defect of mouse model. Thiolated groups incorporated into chitosan (Ch) to enhance its water 

solubility and mucoadhesion. Investigation of in vitro cytotoxicity assays demonstrated that the 

synthesized hydrogel showed good biocompatibility and promoted cell growth. The hydrogel 

containing borate BG was maintained in the defect site of the animal model, healing efficiency 

was accelerated by improving the angiogenesis and remodeling. Zhang et al. (2023) developed a 

multifunctional chitosan/alginate hydrogel decorated with β-cyclodextrin (β-CD) modified 

polydopamine (PDA)-Bioactive glass (BG) nanoparticles (NPs) integrating for photothermal 

performance and nitric oxide release activities for the treatment of bacterially infected wounds. 

The above mentioned nanocomposite hydrogel has multiple functions in preventing bacterial 

infections, accelerating angiogenesis and wound regeneration. Tomar and colleagues (2023) 

developed a novel composite hydrogel adhesive, which combines gelatin, chitosan, 

polydopamine-coated bioactive glass (BG), and curcumin-capped silver nanoparticles (Cur-

AgNPs), aiming to address various aspects of wound healing. The polydopamine-coated BG 

contributes adhesiveness through its catechol groups and released calcium ions, while the silicon 

from BG promotes angiogenesis and vascularization. The Cur-AgNPs provide potent bactericidal 

and anti-inflammatory properties to the hydrogel. The results demonstrated the hydrogel's 

efficacy in wound healing, with significant wound closure observed by day 7, along with an 

upregulation of key genes involved in skin regeneration. Recently, Monavari et al. (2023) 

fabricated a wound dressing composed of alginate-dialdehyde-gelatin (ADA-GEL) hydrogel 

incorporated astaxanthin (ASX) and 70B (70:30 B2O3/CaO in mol%) borate bioactive glass 

microparticles was developed through 3D printing. The composite hydrogel constructs 

codelivered biologically active ions (Ca and B) and ASX, which should lead to a faster, more 

effective wound healing process. As shown through in vitro tests, the ASX-containing composite 

hydrogel promoted NIH3T3 cell adhesion, proliferation and VEGF expression and keratinocyte 

migration, due to the antioxidant activity of ASX, the release of cell-supportive Ca2+ and B3+ 

ions and the biocompatibility of ADA-GEL.  

Lin et al. (2014) created bioactive borate glass 13-93B3 microfibers containing 0.4 wt% copper, 

which were found to stimulate significant angiogenesis compared to silica glass microfibers. To 

assess cytotoxicity, histological examination of kidney tissue collected from animals four weeks 
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after subcutaneous implantation of a large quantity of borate glass microfibers was conducted, 

revealing no signs of chronic histopathological alterations in the kidney. Yang et al. (2015) 

developed three types of microfibers, silica-based 45S5, borate-based 13-93B3 and 1605-based, 

added with CuO and ZnO. Evaluation on human skin cell line demonstrated that borate-based 

fibres though more toxic than silicate-based glass fibres under static condition, can significantly 

stimulated cell growth with higher cell proliferation rate and migration ability when appropriate 

pre-soaking time and dynamic flow rate were acquired. Another group, Zhou et al. (2016) 

fabricated borate bioactive glass microfibers to treat serious skin defects. The ionic extracts of 

BG and SiG (traditional material 45S5 Bioglass, SiG) microfibres were not toxic to HUVECs. In 

vivo experiments demonstrated that wound dressings made from borate glass (BG) microfibers 

notably promoted blood vessel formation and led to faster reduction in wound size compared to 

silicon glass (SiG) microfibers or control groups after nine days of application. The enhanced 

skin defect reconstruction ability of BG microfibers was attributed to the presence of boron in 

their composition, which enhances bioactivity and angiogenesis. Biomimetic electrospun 

nanofibers were crafted using a combination of fish collagen and bioactive glass (Col/BG) in a 

study by Zhou et al. (2016). They utilized a Sprague Dawley rat skin defect model to assess the 

nanofibers' impact on wound healing. Results demonstrated that compared to pure fish collagen, 

the Col/BG nanofibers exhibited enhanced tensile strength and displayed some antibacterial 

activity against S. aureus. Additionally, these nanofibers were found to enhance the attachment, 

multiplication, and movement of human keratinocytes. Animal trials further revealed that 

Col/BG nanofibers accelerated the healing process of rat skin wounds. In another study by Wang 

et al. (2016), biocomposites consisting of copper-containing mesoporous bioactive glass (Cu-

MBG) and nanofibrillated cellulose (NFC) were developed for treating chronic wounds. The 

research highlighted a critical biological concentration of Cu2+ ions below 10mg/L for the 

viability and growth of 3T3 fibroblasts. Cu2+ ions released from the composite displayed 

significant angiogenic effects in a 3D spheroid culture of human umbilical vein endothelial cells. 

Additionally, Cu-MBG upregulated angiogenic gene expression in 3T3 fibroblasts and exhibited 

inhibitory effects on E. coli growth. In their study, Zhao et al. (2015) developed wound dressings 

comprising borate bioactive glass microfibers (with a diameter ranging from 0.4 to 1.2 µm) 

doped with varying amounts of CuO (ranging from 0 to 3 wt%). These dressings were evaluated 

both in vitro and in vivo. Upon immersion in simulated body fluid, the fibers underwent 
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degradation and transformed into hydroxyapatite within 7 days, releasing ions such as Ca, B, and 

Cu into the medium. In vitro cell culture experiments revealed that the ionic dissolution products 

of the fibers were non-toxic to both human umbilical vein endothelial cells (HUVECs) and 

fibroblasts. Moreover, they promoted HUVEC migration, tubule formation, and secretion of 

vascular endothelial growth factor (VEGF), while also stimulating the expression of angiogenic-

related genes in fibroblasts. 

When applied to treat full-thickness skin defects in rodents, the Cu-doped fibers demonstrated a 

significantly higher capacity to stimulate angiogenesis compared to the undoped fibers and the 

untreated control defects at both 7 and 14 days post-surgery. Additionally, the defects treated 

with Cu-doped fibers exhibited improved collagen deposition, maturity, and alignment compared 

to the untreated defects. However, the extent of improvement observed with Cu-doped fibers did 

not significantly surpass that of undoped fibers by the 14th day post-surgery. Hu et al. (2018) 

fabricated a novel organic-inorganic dressing of copper-doped borate bioactive glass/poly (lactic-

co-glycolic acid) loaded with vitamin E (0-3 wt% vitamin E) to evaluate its efficiency for 

angiogenesis in cells and full-thickness skin defects in wounds. Cell culture suggested the ionic 

dissolution product of the copper-doped and vitamin E-loaded dressing showed excellent 

migration, tubule formation and VEGF secretion in HUVECs and higher expression levels of 

angiogenesis-related genes in fibroblasts in vitro. Furthermore, this dressing also suggested a 

significant improvement in the epithelization of wound closure and an obvious enhancement in 

vessel sprouting and collagen remodeling in vitro. Sharaf et al. (2022) developed cellulose 

acetate (CA) electrospun nanofibres containing BG nanoparticles (BGNPs). Biological wound 

healing capabilities for the prepared nanofibre dressing were assessed using in vivo diabetic rat 

model with induced wounds. The result demonstrated improved antibacterial activity against 

wide range of microbes including gram negative and gram positive bacteria with significant 

reduction of induced wound in diabetic rats with complete healing over limited period. Kermani 

et al. (2023) synthesized a series of Zn and Cu-doped 13-93B3 borate glasses by a modified sol-

gel method in the presence of Pluronic P123. The synthesized doped glasses at a concentration of 

0.5 mg/ml had no adverse effects on the viability of fibroblasts and showed suitable antibacterial 

activity, considered a useful substance for wound healing applications. Vinayak et al. (2023) 

utilized a waste product, eggshell membrane and coated with bioactive glass/ion-doped (Zn, Co) 

BG in the nanoscale range to develop different types of wound dressing mats and all mats were 
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cytocompatible with human dermal fibroblasts and maintained cytoskeletal and nuclear 

morphology upto day 14 of culture. On application of these mats over the full-thickness skin 

wounds in the rabbit model, enhanced wound closure was observed especially with the eggshell 

membrane/ion-doped BG mats. Saha et al. (2020) synthesized a silver-containing bioactive glass 

by sol-gel route, followed by fabrication of the antibacterial bioactive glass nanofibres using 

electrospinning technique. An in vitro cell proliferation assay was performed using SV-

transformed GM00637 (skin fibroblast cell line), exhibited significant cell proliferation (82%) 

compared to the control (47%) in a period of 24h, thus establishing its wound healing potential. 

Ju et al. (2021) fabricated 3D cotton-wool-like sol-gel bioactive glass fibres by electrospinning 

technique that mimic the fibrous architechture of skin extracellular matrix (ECM) and the deliver 

metal ions for antibacterial (silver) and therapeutic (Ca and silica species) actions. The 

degradation products from the Ag-doped 3D non-woven sol-gel glass fibres were also found to 

promote fibroblast proliferation thus demonstrating their potential for use in skin regeneration. 

Another group [Mahmoudi et al. 2023], developed a biocompatible fibrous scaffold containing 

polyvinyl alcohol (PVA), 70S30C bioactive glass (BG), silver (Ag) nanoparticles and curcumin 

(Cur) was fabricated through electrospinning method. The viability of fibroblasts after 7 days of 

cell culture was 93%. The antibacterial activity against E. coli and S. aureus bacteria was 

illustrated using inhibition zones of 13 and 14 mm, respectively. Histological results revealed 

that tissue regeneration after 14 days of surgery was much higher for the dressing compared to 

the blank group. In more advanced research conducted by Sharifi et al. (2022) incorporated 

glass-ceramics (GC) doped with silver in chitosan and gelatin electrospun nanofibres scaffolds 

were biocompatible, hemocompatible and promote cell attachment and proliferation. The rate of 

biodegradation of the nanocomposite was similar to the rate of skin regeneration under in vivo 

conditions. Histopathological evaluation of full-thickness excisional wounds in BALB/c mice 

treated with mouse embryonic fibroblasts-loaded nanofibrous scaffolds showed enhanced 

angiogenesis and collagen synthesis as well as regeneration of the sebaceous glands and hair 

follicles in vivo. Liu et al. (2023) prepared a magnesium-doped silica bioactive glass (SiO2/MgO) 

nanfibre by electrospinning. The result demonstrated that this SiO2/MgO nanofibre membrane 

has good flexibility and hydrophilicity, which give it intimate contact with wound beds. In vitro 

assessments illustrated its good cytocompatibility and bioactivity that contribute to its robust cell 

proliferation and angiogenesis. In addition, in vitro assays prove its good antibacterial activity 
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against both gram positive and gram negative strains. In a full-thickness skin defect inoculated 

with S. aureus in mice, it effectively inhibits bacterial infection. Both gene expression and 

histological/ immunohistological analyses confirmed the down regulated pro-inflammatory 

factors, these desirable properties work in concert to contribute to the rapid healing of infected 

wounds and make it a good  candidate for wound dressing materials. An anticancer drug, 5-FU 

containing mesoporous bioactive glass (MBG) was successfully loaded into core-shell nanofibres 

by Yuan et al. (2023) and sustained release of 5-FU was achieved, exhibited excellent cancer cell 

killing effect. Also, MBG-U-CSF could promote skin regeneration owing to the function of 

MBG. El-Okaily et al. (2023) prepared nanofibre membranes for wound healing using 

electrospinning process containing polycaprolactone (PCL). Integration of atorvastin and 

bioactive glass with PCL nanofibres showed superior wound closure results in the human skin 

fibroblast cell line.  

Yu et al. (2016) demonstrated that bioactive glass (BG) can induce fibroblasts to produce 

essential growth factors and key proteins, such as vascular endothelial growth factor, basic 

fibroblast growth factor, epidermal growth factor, collagen I, and fibronectin. In vivo findings 

showed that fibroblasts within the bioactive skin tissue engineering grafts migrated into the 

wound bed, with BG enhancing their migration ability. These grafts contained higher levels of 

critical growth factors and extracellular matrix (ECM) proteins that are advantageous for wound 

healing compared to untreated grafts. Sharifi et al. (2023) doped zinc to bioactive glass-ceramic 

(Zn-BGC) and then incorporated into a porous scaffold of collagen (Col) and gelatin to promote 

angiogenic properties. The bioactive porous bionanocomposite (Col-Gel/Zn-BGC) exhibited 

improved cell attachment and proliferation. Mouse embryonic fibroblasts were loaded into Col-

Gel/Zn-BGC scaffold and were applied on full-thickness skin wounds on the BALB/c mice, the 

results indicated that the biodegradation rate of the Col-gel/Zn-BGC nanocomposites was 

comparable to the rate of skin tissue regeneration in vivo. Macroscopic wound healing results 

showed that Col-Gel/Zn-BGC loaded with mouse embryonic fibroblast possesses the smallest 

wound size, indicating the faster healing process. Histological evaluations displayed that the 

optimal wound regeneration was observed in Col-Gel/Zn-BGC loaded with mouse embryonic 

fibroblasts indicated by epithelization and angiogenesis. Naseri et al. (2019) developed two 

different glass composition, (46)B2O3-(27)CaO-(24-x)Na2O-(3)P2O5-(x)Ag2O where x=0, 0.15, 

0.5 and 1 mol% and (60)B2O3-(36)CaO-(4-x)P2O5-(x)Ag2O, where x=0, 0.3, 0.5 and 1 mol% by 
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sol-gel route, reported for the first time. The antibacterial activity against E. coli and S. aureus 

was correlated with silver ion release. Kermani et al. (2022) successfully synthesized silver-

doped borate-based mesoporous BAG, exhibited potent antibacterial activity against gram-

positive and gram-negative strains and had no adverse effect on the viability of fibroblasts. 

Li et al. (2016) proposed that bioactive glass (BG) could influence cell behavior mediated by gap 

junctions to enhance wound healing. To investigate this hypothesis, they studied the effects of 

BG on endothelial cells' (ECs) behavior related to gap junctions to understand the underlying 

mechanism. In vitro studies demonstrated that BG ion extracts protected human umbilical vein 

endothelial cells (HUVECs) from hypoxia-induced cell death in a dose-dependent manner, 

potentially by modulating connexin hemichannels. BG also enhanced gap junction 

communication between HUVECs and upregulated the expression of connexin 43 (Cx43). 

Moreover, BG promoted the expression of vascular endothelial growth factor (VEGF), basic 

fibroblast growth factor (bFGF), their receptors, and vascular endothelial cadherin in HUVECs, 

all of which are beneficial for vascularization. In vivo wound healing experiments in rats showed 

that BG accelerated the closure of full-thickness excisional wounds, reduced inflammation 

during the initial stages of healing, and stimulated angiogenesis during the proliferation stage. 

This work revealed the relation between BG and Cx43 mediated endothelial cell behavior and 

elucidates one of the possible mechanisms through which BG stimulates wound healing. It has 

been reported earlier that experimental downregulation of connexin43 (Cx43) expression at skin 

wound sites appears to markedly improve the rate and quality of healing, but the underlying 

mechanisms are currently unknown. Mori et al. (2006) had compared physiological and cell 

biological aspects of the repair process with or without Cx43 antisense oligodeoxynucleotide 

treatment. In vitro knockdown of Cx43 in a fibroblast wound healing model also resulted in 

significantly faster healing. mRNA levels of CC chemokine ligand 2 and TNFα were reduced in 

the treated wound. In their recent study, Zhang et al. (2022) proposed that bioactive glass (BG) 

might facilitate wound healing by suppressing pyroptosis, a newly recognized form of 

programmed cell death implicated in various traumatic injury-related diseases. They investigated 

BG's potential impact on pyroptosis during wound healing both in vitro and in vivo. The findings 

revealed that BG accelerated wound closure, promoted granulation formation, enhanced collagen 

deposition, and facilitated angiogenesis. Moreover, BG was found to inhibit the expression of 

pyroptosis-related proteins both in vitro and in vivo, as confirmed by Western blot analysis and 
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immunofluorescence staining. Additionally, BG was observed to modulate the expression of 

connexin 43 (Cx43) while suppressing reactive oxygen species (ROS) production. Further 

experiments involving the activation and inhibition of Cx43 suggested that BG suppressed 

pyroptosis in endothelial cells by reducing Cx43 expression and ROS levels. This research 

suggests that BG promotes wound healing by inhibiting pyroptosis via the Cx43/ROS signaling 

pathway. Tang et al. (2021) discovered that extracts from 58S-bioactive glass (BG) significantly 

improved the barrier function of keratinocyte monolayers. This enhancement was attributed to 

the promotion of keratinocyte differentiation and the formation of tight junctions, as indicated by 

increased expression of key differentiation markers (K10 and involucrin) and tight junction 

proteins (claudin-1, occludin, JAM-A, and ZO-1). These effects were measured using 

transepithelial electrical resistance (TEER) and paracellular tracer flux. In an in vivo study using 

a diabetic rat wound model, BG extracts were found to expedite re-epithelialization, stimulate 

keratinocyte differentiation, and enhance the formation of tight junctions in the newly 

regenerated epidermis. Filip et al. (2021) synthesized three distinct bioactive glasses 

incorporating fluorine and boron, which were then assessed for their effects on oxidative stress 

and matrix metalloproteinases (MMP-2, MMP-9), followed by histopathological examination. 

Their findings revealed that the degradation rates of the bioactive glass compositions were 

exceptionally high, resulting in rapid release of calcium, fluorine, and boron. Moreover, animal 

groups treated with bioactive glass exhibited reduced lipid peroxidation and increased levels of 

nitric oxide, particularly at 14 days post-treatment, along with improved superoxide dismutase 

activity. Furthermore, there was a decrease in MMP-9 levels at 14 days, coupled with an increase 

in the proportion of normal collagen within the wound bed. Bioactive glass (BG) and zeolitic 

imidazolate framework-8 (ZIF-8) have been incorporated into poly(ε-caprolactone)/poly(vinyl 

alcohol) (PCL/PVA) composite skin scaffolds via microfluidic electrospinning. The addition of 

ZIF-8 further strengthens the BG stability and demonstrates better antibacterial effects. Utilizing 

the slow release of Zn, Ca, and Si ions, it also significantly promotes growth factor expression 

and skin regeneration. In addition, it is further demonstrated by in vitro and in vivo studies that 

the prepared composite skin scaffolds possess excellent biocompatibility, antibacterial 

capabilities, and mechanical properties [Hou et al., 2024]. 

The tunable in vitro blood clotting activity of high-surface area-hemostatic bioactive glass is 

evaluated by thromboelastograph, a clinical instrument for quantifying changes in blood during 
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coagulation. The hemostatic trends associated with hemostatic bioactive glass and new 

preparation of spherical hemostatic bioactive glass, along with similar Si-Ca containing oxides, 

and related to Si:Ca ratios, Ca2+ availabiblity and coordination environment (Ostomel et al., 

2006a, 2006b). Pourshahrestani et al. (2016) developed mesoporous bioactive glass (MBG) 

containing varying concentrations of Ga2O3 (1, 2, and 3 mol%) using the evaporation-induced 

self-assembly (EISA) process, aiming to investigate the role of Ga3+ in hemostasis. Their 

findings revealed that incorporating a lower Ga2O3 content (1 mol%) into the MBG system 

improved structural properties such as specific surface area, mesopore size, and pore volume, as 

well as the release of silicon and calcium ions. The bioactive glass was observed to enhance 

blood coagulation, platelet adhesion, and thrombus generation, and exhibited antibacterial effects 

against both E. coli and S. aureus. Furthermore, Ga-doped MBGs demonstrated excellent 

cytocompatibility even after 3 days, with the 1 mol% Ga2O3-containing MBG showing the best 

biocompatibility, suggesting their suitability as safe hemostatic agents for controlling bleeding. 

Further, they constructed (2017) a series of 1% Ga2O3 containing mesoporous bioactive glass-

chitosan composite scaffolds (Ga-MBG/CHT) by the lyophilization process and shown the 

hemostatic function compared to Celox Rapid Gauze, commercially available chitosan-coated 

hemostatic gauze. The results of coagulation studies showed that pure CHT and composite 

scaffolds exhibited increased hemostatic performance with respect to CXR. The cell viability 

results also demonstrated that Ga-MBG/CHT composite scaffold had good biocompatibility, 

which facilitates the spreading and proliferation of human dermal fibroblast cells even with 50 

wt%-Ga-MBG loading. Then, they (2018) compared 1% Ga2O3 (1% Ga-MBG) with two 

commercial hemostats, CeloxTM (CX) and Quikclot Advanced Clotting Sponge PlusTM (ACS+). 

The result indicate that the number of adherent platelets were higher on the 1% Ga-MBG and CX 

surfaces than ACS+ whereas a greater contact activation was seen on 1% Ga-MBG and ACS+ 

surface than CX. 1%-Ga-MBG not only resulted in larger platelet aggregates and more extensive 

platelet pseudopodia compared to CX and ACS+ but also significantly accelerated the intrinsic 

pathways of the clotting cascade. In vitro thrombin generation assays also showed that CX and 

ACS+ induced low levels of thrombin formation while 1% Ga-MBG had significantly higher 

values. Another group, Nagrath et al. (2021) synthesized Ta-containing MBG with x mol% 

Ta2O5 added to the (80-x) SiO2-15CaO-xT2O5 where x= 0-10 mol%. The hemstatic potential of 

Ta-MBG was confirmed by its negative zeta potential, which enhances the intrinsic pathway of 
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blood coagulation. Cytotoxicity analysis revealed that Ta-MBGs had no effect on bovine 

fibroblast viability. A reduction in both aPTT and PT signified enhancement of hemostasis 

compared to ‘no treatment’. Next, they fabricated Ta-MBG containing fibrous mats using 

electrospinning [Nagrath et al., 2022]. The hierarchial micro-nano porosity of the mat is known 

to enhance the activation of coagulation proteins. The fibrous texture mats, containing tantalum 

in the composition can provide a stable matrix for hemostasis. Furthermore, they evaluated 

impact of Ta-MBG using a porcine fatal liver injury model, for that a class IV hemorrhage 

condition was stimulated on the animals, hemodynamic data and biochemical analysis confirmed 

the life-threatening condition. Ta-MBG was able to stop the bleeding within 10 min of their 

application while the bleeds in the absence of any intervention or in the presence of a 

commercial agent AristaTM continued for up to 45 min [Nagrath et al., 2022]. Moreover, SEM of 

the blood clots showed that the presence of Ta-MBGs did not affect clot morphology. Rather, the 

connections seen between fibrin fibres of the blood clot and Ta-MBG powders point towards the 

powder’s surfaces embracing fibrin. Histopathological analysis of the liver tissue showed 5Ta-

MBG as the only composition reducing parenchymal hemorrhage and necrosis extent the tissue 

after their application. Additionally, 5 Ta was also able to form an adherent clot in worst case 

scenario bleeding where no adherent clot was seen before the powder was applied. Liu et al. 

(2022) prepared a two-step-acid-catalyzed-self-assembly method to synthesize cerium-

containing mesoporous bioactive glass (Ce-MBG). The results exhibited that MBG without 

cerium and MBG with cerium slightly affected its surface area, and its water absorption rate was 

significantly higher. In vitro coagulation experiments showed that Ce-MBG significantly reduces 

PT and aPTT, indicating that MBG containing Ce could promote coagulation and platelet 

adhesion compared to MBG. Further, they prepared a composite hemostatic sponge (Ce-

MBG/CHT) of cerium-containing MBG and chitosan (CHT) by a freeze-drying technique and 

compared with the commercially available gelatin sponge (GS) to evaluate hemostatic 

performance [Liu et al., 2022]. The in vitro coagulation studies showed that factor XII was 

activated by the addition of Ce-MBG, inducing the intrinsic coagulation pathway. Whole blood 

coagulation studies suggested that Ce-MBG/CHT has superior hemostatic properties to GS and 

validated in vitro thrombosis, platelet adhesion and hemocompatibility. Zhang et al. (2022) 

produced bismuth-containing mesoporous bioactive glass using a two-step-acid-catalyzed self-

assembly (TSACSA) process. The Bi-doped MBG accelerated the intrinsic coagulation pathway 
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and did not show significant cytotoxicity to RBCs. Additionally, it demonstrated increased 

thrombus formation, fibrin polymerization rates, and platelet adhesion. Another group, Zheng et 

al. (2022) prepared bioactive glass based membrane-like structure camouflage composite 

particles (MBG@BSA/CS) by using layer-by-layer (LBL) method. The result showed that 

MBG@BSA/CS particles significantly improved the coagulation effect of MBG and could 

activated both intrinsic and extrinsic pathways of coagulation by forming a fibrin network by 

aggregating RBCs and activating platelets, thus rapidly aggregating required coagulation factors. 

MBG@BSA/CS particles had a significant hemostatic effect on surface bleeding and internal 

bleeding in SD rats, which could shorten the bleeding time and reduce the amount of blood loss 

effectively. Li et al. (2023) designed a composite cryogel by gelation of quaternized chitosan 

(QCS) and hydroxyethyl cellulose oxide (OHEC) at low temperature. Iron-doped bioactive glass 

(FeBG) as an active substance that was incorporated into the QCOC composite cryogel to 

promote RBCs aggregation by ion dissolution and activate intrinsic and extrinsic pathways. 

Additionally, the composite cryogel showed excellent antibacterial properties against S. aureus 

and E. coli as well as good cell biocompatibility. Further, QCOC/FeBG composite cryogel 

showed excellent hemostatic performance in the model of liver non-compressible hemorrhage 

with coagulation disorders and the hemostasis time and blood loss were much lower than the 

commercial gelatin sponge. Another research group, Lei et al. (2023) prepared a sharp-memory 

cryogel using Schiff-base reaction between alkylated chitosan (AC) and oxidized dextran 

(ODex) and then incorporated with a dry-laden and silver-doped MBG. Hydrophobic alkyl 

chains enhanced the hemostaic and antimicrobial efficiency of the chitosan, forming blood clots 

in the anti-coagulated condition. The Ag-MBG activated the extrinsic pathway by releasing Ca2+ 

and prevented infection through the release of Ag+. The proangiogenic desferrioxamine (DFO) in 

the mesopores of MBG was released gradually to promote wound healing. They demonstrated 

that AC/ODex/Ag-MBG DFO (AOM) cryogels exhibited excellent blood absorption capability, 

facilitating rapid shape recovery. It provided a higher hemostatic capacity in normal and heparin-

treated rat- liver perforation wound model than gelatin sponges and gauze. The AOM gels 

simultaneously promoted infiltration, angiogenesis and tissue integration of liver parenchymal 

cells. Alasvand et al. (2023) synthesized CuO containing borate-based BGs by melt-derived 

method. The results indicated that the BGs did not show any significant cytotoxicity and also 

showed antibacterial properties against S. aureus and P. aeruginosa. The investigation revealed 



37 | P a g e  
 

its hemocomaptibility. The incorporation of copper ions into the modified BGs could 

dramatically improve the endothelial cell proliferation, migration, vascular endothelial growth 

factor secretion, tube formation and expression of angiogenesis-related genes (VEGF, KDR, 

HIF-1α and endothelial NO), resulting in the promotion of angiogenesis properties. Further they 

(2023) developed the porous vascular graft tubes by 3D print using PCL, polyglycerol sebacate 

and the above mntioned BGs. The PCL sheath was then wrapped around the 3D-printed layer 

using the electrospinning technique to prevent blood leakage. In vivo angiogenesis and gene 

expression experiments showed that copper-releasing vascular graft considerably promoted the 

formation of new blood vessels, low-grade inflammation (reduce expression of IL-1β and TNF-

α) and high-level angiogenesis (increase expression of angiogenic growth factors including 

VEGF, PDGF and HEBGF) [Alasvand et al., 2023]. 

2.4.An overview: Bioactive glass  

2.4.1. Structure of the bioactive glass 

Glass is a distinct state of matter, not in equilibrium and lacking a crystalline structure. It exhibits 

a glass transition phenomenon, sharing a microstructure with a supercooled liquid, though it 

would ultimately crystallize given infinite time [Zanotto et al., 2017]. When the temperature goes 

beyond the glass transition temperature (Tg), glass shifts from being brittle and solid to 

becoming more viscous, showing characteristics of flow [Scholze et al., 2012]. Glass structures 

are typically composed of three components: network formers, network modifiers, and 

intermediate oxides [Condon et al., 1954]. Network formers like silica (SiO2), phosphorous 

pentoxide (P2O5), and boron trioxide (B2O3) can form glass independently [Shelby, 2005]. 

Silicate glasses are composed of SiO4 tetrahedra linked together by Si-O-Si bonds, known as 

bridging oxygen atoms [Zarzycki et al., 1991]. These tetrahedra are classified as Qn units, with 'n' 

indicating the number of bridging oxygen atoms attached to the tetrahedron [Shelby, 2005]. In 

vitreous silica, each tetrahedron connects to four others, resulting in four bridging oxygen (BO) 

atoms per tetrahedron (Q4 units). 

In contrast, network modifiers change the glass structure by converting bridging oxygen atoms 

into non-bridging oxygen atoms through covalent bonds, resulting in Si-O-M+ linkages, which 

are predominantly ionic. Network modifiers often include alkali or alkali-earth metal oxides, 



38 | P a g e  
 

exhibiting higher coordination numbers compared to network formers. The representative 

examples are sodium (coordination number: 5.6 to 6), calcium (6-6.3), and strontium (6.7-7.1). 

Intermediate oxides can function as network modifiers or, in some cases, integrate into the glass 

structure like network formers. 

The glass structure can be estimated based on its compositional ratio, and the network 

connectivity (NC) model quantifies the average number of bridging oxygen atoms per network-

forming element, typically silicon (NCSi). Network connectivity offers insights into the degree of 

network polymerization and assists in predicting various glass properties, including bioactivity, 

crystallization tendencies, and the glass transition temperature [Wu et al., 2009; Wu et al., 2014; 

Barbieri et al., 1999 & Hunault et al., 2016]. 

In bioactive glasses like SiO2-P2O5-M2O-M’O, where M2O and M’O act as network modifiers, 

the connectivity of the network is determined using Equation 1. This equation accounts for a 

maximum of four bridging oxygen atoms per silicon atom, adjusting for the non-bridging oxygen 

atoms created by modifiers. The inclusion of P2O5 increases the number of bridging oxygen 

atoms, as it requires modifier cations to balance the charge of PO4
3-. SiO2, P2O5, M2O, and M’O 

represent the molar percentages of each component. 

NCSi= [(4×SiO2) + (6×P2O5) – {2×(M2O+M’O)}]/ SiO2 

Vitreous silica exhibits a network connectivity of four, which decreases as the content of 

network modifiers increases. Bioactive glasses generally exhibit network connectivities ranging 

from 2 to 3. For instance, the bioactive 45S5 glass displays a network connectivity of 2.11, 

indicating a composition mainly consisting of silicate chains (89% Q2). Additionally, 11% of all 

Q units serve as branching units (Q3), connecting the chains through bridging oxygen atoms. 

On the other hand, the network rigidity model, also referred to as the "floppy networks" model, 

takes into account local structural differences, making a distinction between rigid and flexible 

regions. This model is particularly relevant for highly cross-linked glasses, such as bioactive 

glasses with a network connectivity exceeding 2.4. Based on concepts proposed by Phillips and 

Thorpe, the network rigidity model explains that in three-dimensional networks, rigidity emerges 

above a percolation point, corresponding to a network connectivity of 2.4. Below this threshold, 
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the network is characterized as flexible. Even in rigid networks, certain flexible regions persist, 

and their extent can be approximated based on the composition of the glass.  

2.4.2. Synthesis of bioactive glass  

a) Melt-derived approach 

The melt-derived approach is a method used in the production of glass materials, including 

bioactive glasses (BG), which have applications in the field of medicine and biotechnology. This 

approach involves melting a mixture of various chemical compounds at high temperatures, 

typically exceeding 1300°C [Jones et al., 2013].  

✓ Ingredients: The mixture used for this approach typically includes silicon dioxide (SiO2), 

calcium carbonate (CaCO3), sodium carbonate (Na2CO3), and phosphorus pentoxide 

(P2O5). Other metallic oxides or carbonates can also be added to the melt to incorporate 

trace elements into the final glass product. 

✓ Melting Process: The ingredients are melted together in a platinum crucible at 

temperatures exceeding 1300°C. This high temperature is required to achieve a molten 

state, which is necessary for forming glass. 

✓ Quenching: After the mixture has melted, it can be quenched in two different ways: 

➢ It can be quenched in a graphite mold to maintain a specific shape, 

which is particularly useful for creating glass products with predefined 

forms. 

➢ Alternatively, it can be quenched in water to obtain particulate glass. 

This process typically involves grinding and sieving to produce glass 

particles. 

✓ Fiber Production: In some cases, fibers can be drawn from the molten glass before 

quenching [Jung e al., 2011].  

✓ Commercial Production: The melt-derived approach is commonly used for commercial 

production because it is relatively easy to manufacture and tends to have a lower 

manufacturing cost compared to other methods. 

✓ Drawback with Sodium (Na2O): One drawback of the melt-derived approach is that 

sodium oxide (Na2O) must be incorporated into the glass composition to lower the 
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melting point. However, this incorporation of sodium can make it challenging to 

precisely control the composition of the bioactive glass and its corresponding ion release 

kinetics [Jones and Clare, 2012]. Excessive levels of sodium ions, exceeding 25%, can 

lead to a toxic alkaline environment and may not provide the desired therapeutic effects. 

✓ Process Duration: The entire process, from melting the ingredients to the final product, 

usually takes less than one day, but it might take longer if the ingredients are mixed and 

prepared overnight. 

In summary, the melt-derived approach is a commonly used method for manufacturing bioactive 

glasses and other types of glass materials. While it offers advantages in terms of ease of 

manufacturing and cost-effectiveness, the need to incorporate sodium to lower the melting point 

presents challenges in controlling the glass composition and ion release kinetics, as excessive 

sodium content can be detrimental to the intended therapeutic effects. 

b) Sol-gel derived approach 

The sol-gel process usually comprises several stages where a precursor is transformed into the 

silica gel, which is then dried to form dry gels. Subsequently, sintering is employed to produce 

bioactive glasses (BGs) [Hench, 2002]. This detailed procedure involves hydrolysis and 

condensation, casting of gels, gel formation, aging, drying, stabilization, and sintering. In this 

method, tetraethyl orthosilicate (TEOS, Si(OC2H5)4) serves as the precursor for silicon, while the 

precursors for metallic ions are typically their respective chlorides or nitrates. 

In comparison to the melt-derived method for BG synthesis, the sol-gel process offers several 

advantages. It enables the production of bioactive glasses (BG) with a silicon content exceeding 

70 mol% and eliminates the necessity for a modifier, Na2O [Lin et al., 2009]. The synthesis 

temperature in the sol-gel process is much lower than the temperature required for melt-derived 

method. Additionally, sol-gel BGs naturally possess mesopores ranging from 6-17 nm, 

significantly increasing the glass's surface area [Yan et al., 2006; Saravanapavan et al., 2003]. 

The surface area of sol-gel BG particles (size range: 1-32 μm) is 70-130 m2g-1, whereas similar 

composition melt-derived BGs have a surface area of only 2.7 m2g-1 [Sepulveda et al., 2001]. 

Furthermore, sol-gel BGs contain more OH- groups that lower the network connectivity value 

compared to speculated values. 
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However, it's worth noting that sol-gel-derived glasses are more expensive to produce and 

require a longer synthesis time. The first product developed through the sol-gel method with the 

58S composition was primarily used for bone regeneration. 

✓ Hydrolysis and condensation 

In case of acidic catalysis process, tetraethyl orthosilicate (TEOS) undergoes hydrolysis to 

produce Si(OH)4 and ethanol as a result of condensation. During the condensation process, 

siloxane bonds (Si-O-Si) are created, and the primary particles start to join together to form 

secondary particles. The reactions are: 

Hydrolysis: Si(OC2H5)4 + 4H2O = Si(OH)4 + 4 C2H5OH 

Condensation: Si(OH)4 + Si(OH)4 = (HO)3Si-O-Si(OH)3 + H2O (aqueous) 

Condensation: Si(OH)4 + Si(OH)4 = (HO)3Si-O-Si(OH)3 + OH- (as R-OH) 

✓ Gelation 

Following the hydrolysis and condensation stages, the resulting product is Sol containing silica 

nanoparticles with diameters of approximately 2 nanometers. This solution is composed of 

several silicon tetrahedral [Jones et al., 2013]. The gelation phase begins when a three-

dimensional network forms from these colloidal particles. During this phase, viscosity 

experiences a significant increase, eventually leading to the formation of a gel.  

One of the primary factors that influence the kinetics of hydrolysis and condensation is the pH 

value of the sol. The reaction kinetics are at their slowest point near the isoelectric point, which 

is approximately at pH 2.2 [Brinker et al., 2013]. Both acidic and alkaline environments expedite 

the synthesis of silanols due to the increase in free H+ or OH- ions [Hench, 2002], although the 

mechanisms involved in these processes differ slightly. 

When treated with strong acids, H+ is involved as the catalyst: 

SinOa(OH)b + Si(OH)3O
- + H+ = SinOa(OH)(b-1)-O-Si(OH)3

+ + H2O 

When treated with alkali or weak acids, OH- is involved as the catalyst 
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SinOa(OH)b + Si(OH)3O
- + OH- = SinOa(OH)(b-1)-O-Si(OH)3

+ + H2O 

The surface hydrolysis of silica particles is represented by the formula SinOa(OH)b, where 'n,' 'a,' 

and 'b' are integers [Hench, 1990]. In the majority of cases involving the synthesis of bioactive 

glass (BG) microparticles, monoliths, fibers, or foams, acids are commonly employed as 

catalysts [Hench, 2002]. On the other hand, alkaline catalysts lead to a slower increase in 

reaction kinetics compared to acids and are typically used in the synthesis of BG nanoparticles 

[Iler et al., 1986]. 

The stoichiometric ratio (R) of water to tetraethyl orthosilicate (TEOS) plays a crucial role in 

sol-gel hydrolysis and condensation. The alkalinity of water affects proton activity and, in turn, 

influences the hydrolysis process. When R is less than 2, alcoholic condensation is favored, 

while when R is greater than 2, aqueous condensation prevails [Jones et al., 2002]. An R value of 

2 is the optimal ratio for drawing fibers, resulting in the induction of viscosity within the range of 

1-10 Pa·s [Sack et al., 1987; Sakka et al., 1982]. The water content also has a role in regulating 

the porosity in BGs, as its removal creates more voids during the stabilization process [Ishizaki 

et al., 1998]. Additionally, the inclusion of other solvents like dioxane, ethanol, and acetone 

during the synthesis can alter the rate of hydrolysis and condensation [Hench, 2002]. 

✓ Aging 

Following gelation, the gel retains a liquid phase with dispersed ions, marking the onset of the 

aging phase. This phase encompasses four distinct stages: continued polycondensation, 

syneresis, phase transformation, and coarsening [Jones et al., 2002]. In the continued 

polycondensation stage, secondary particles continue to interconnect, forming larger networks 

and enhancing the gel's strength. The increase in particle size leads to the gel contracting and 

expelling liquid, a process termed syneresis. Once the degree of cross-linking reaches a critical 

point, phase transformation occurs, turning the gel into a solidified wet gel. Coarsening, the final 

step, commences when localized dissolution and reprecipitation processes induce the growth of 

larger pores at the expense of smaller ones, a phenomenon known as ‘Ostwald ripening’ [Jones 

et al., 2002]. This results in a high level of interconnection between secondary particles. 

Typically, this aging process takes approximately three days at a temperature of 60°C. 
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✓ Drying 

The drying stage involves the elimination of liquid from both the surfaces and pores, resulting in 

the formation of a dry gel or xerogel. However, it's crucial to commence the drying phase only 

after a sufficient aging period. This delay is necessary because, without it, the removal of smaller 

pores with higher capillary forces can lead to structural cracking [Brinker et al., 2013]. 

Additionally, an important factor during the drying process is the rate of drying, which can be 

controlled through the use of surfactants, employing a supercritical drying method, or by 

reducing surface energy through the creation of monodisperse pore sizes, achieved by controlling 

the rate of hydrolysis and condensation. Following drying, ions precipitate onto the surface of 

secondary particles. The drying temperature typically increases from 80 to 130°C, and this 

process typically takes around 3-4 days. 

While hydrolysis, condensation, and gelation reactions continue during the aging phase, it 

typically takes one day to stir the precursor materials before placing them in the aging oven.  

✓ Stabilization 

Stabilization is a critical step involving the removal of chemically active groups, such as OH- and 

unreacted silanols, which render the glass unstable at room temperature. Typically, this is 

achieved through heat treatment at around 500°C, simultaneously resulting in structural 

relaxation due to rehydration [Hench 1990]. Additionally, during stabilization, NO3
- groups from 

cation sources are eliminated. While conventional NO3
- groups decompose at temperatures of 

561°C, in the case of bioactive glass (BG), higher temperatures are required for complete 

removal [Pereira et al., 1994]. For example, Arcos et al. [2002] observed that 700°C removed 

95% of NO3
-, while 800°C removed 100% in two separate BG systems. Stabilization also serves 

to incorporate calcium into the glass network. After stabilization, tertiary particles are formed 

from clusters of secondary particles and precipitated ions, representing the final glass structure. 

However, it's worth noting that while a high stabilization temperature is ideal for removing 

chemical groups, excessively high temperatures can impact other glass properties. Sintering BG 

above its glass transition temperature leads to the elimination of nanopores, resulting in a 

reduction in BG porosity and surface area. For instance, stabilizing 58S glass at 800°C 
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significantly reduces porosity and surface area [Lin et al., 2009]. This is because high 

temperatures activate viscous flow and diffusion of glass mesopores to a state with lower 

interfacial energy. Additionally, hydroxyapatite (HA) formation can occur around temperatures 

of 800-900°C, depending on the glass composition. The stabilization process typically takes 

about one day [Nayak et al., 2010]. 

 

Fig. 2.1. The provided description refers to a schematic diagram illustrating the structural 

changes and distribution of alkali ions in sol-gel-based bioactive glass (BG) synthesized using 

tetraethyl orthosilicate (TEOS) and calcium nitrate (Ca(NO3)2) during different stages of the 

process [Lin et al., 2009]. 

(a) During the gelling stage, the schematic likely shows the formation of the initial gel structure, 

which contains liquid with dispersed ions. 

(b) In the drying phase, the diagram probably depicts the removal of the liquid, resulting in the 

formation of a dry gel or xerogel. This stage may involve the elimination of smaller pores, as 

mentioned earlier. 

(c) The image for stabilization is likely showing the heat treatment process at around 500°C. 

This phase serves to remove chemically active groups, such as OH- and unreacted silanols, and 

to facilitate rehydration. It might also involve the removal of NO3
- groups and the incorporation 

of calcium into the glass network.  

These structural changes and ion distributions are key aspects of the sol-gel-based BG synthesis 

process. 
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2.4.3. Basic difference between melt quench and sol gel process 

Compared to the traditional melt-quenching route, the sol-gel process offers the possibility to 

obtain more reactive materials in a wider compositional range (up to 90% of SiO2) due to the 

unique textural properties (inherent nanoporosity) that directly derive from the synthesis process 

[Sepulveda et al., 2001; Sepulveda et al., 2002; Saravanapavan et al., 2003; Arcos et al., 2010; 

Izquierdo-Barba et al., 2015]. The sol-gel process offers several advantages over melt-quenching 

for bioactive glass production. Sol-gel chemistry enables the creation of a wide range of nano- 

and micro-structures and allows for precise control over surface chemistry, which is beneficial 

for biomedical applications. Sol-gel methods have been noted for their ability to explore a 

broader range of glass compositions and mesoporous structures compared to the melt-quenching 

method [Fiume et al., 2020]. This versatility allows for easy adjustment of the composition of 

bioactive glasses, giving them specific properties tailored to meet the requirements of various 

biomedical applications. Sol-gel processing of bioactive glass particles (BGs) provides 

convenience and versatility in adjusting BG properties like size, shape, and pore structure. 

Moreover, sol-gel derived materials have demonstrated superior bioactivity, compositions, and 

processing parameters compared to traditional melt-quenching methods, making them 

advantageous for tissue engineering applications [Kaur et al., 2016]. Sol-gel derived bioactive 

glasses also exhibit critical interactions with proteins post-implantation, and the sol-gel process 

allows for the modification of surface properties, impacting protein adsorption. In summary, the 

sol-gel process offers enhanced control and adaptability in producing bioactive glasses with 

customized properties for biomedical applications compared to melt-quenching. 

As compared with the conventional melt quench synthesis, the sol–gel synthesis method allows 

the production of glasses with higher purity, high specific surface area and intrinsic porous 

structure owing to the advantages of low-temperature processing [Zhong & Greenspan, 2000]. 

Lin et al. [2012] demonstrated that sol-gel derived Na2O-CaO-SiO2 glass compositions exhibit 

bioactivity across a wider range of compositions compared to glasses derived from melt 

processes. The study used bioactive glass ointments made by mixing sol-gel synthesized silicate 

glass (58S) with a composition of 58% SiO2, 33% CaO, and 9% P2O5, nano bioactive glass 

(58S), and melt-derived 45S5 bioglass powder with 18 wt% Vaseline to treat full-thickness 

excision wounds. In all cases, adding bioactive glass to Vaseline improved and accelerated 
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wound healing and vascularization. Furthermore, sol-gel derived silicate glasses showed 

significantly better healing rates compared to melt-derived 45S5 bioglass [Deshmukh et al., 

2020]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Schematic representation of sol−gel and melt-quenching processes and the comparison 

of their advantages and disadvantages  

2.4.4. Synthesis of bioactive glass based micronanofibres 
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Bioactive glass (BG) based micronanofibers have the ability to mimic the collagen and 

fibronectin fibrils present in the extracellular matrix (ECM). These fibers are favorable for the 

attachment, proliferation, differentiation, and migration of cells, making them promising 

materials for tissue engineering and regenerative medicine. 

For fabrication of electrospun BG based micronanofibers, BG can be synthesized both via melt-

quench or the sol-gel derived approach. Both methods offer the means to produce 

micronanofibers with properties that resemble the natural ECM, facilitating their use in a wide 

range of biomedical applications [Nagrath et al., 2019; Parham et al., 2020]. 

(a) Melt derived BG fibres 

Jung et al. [2011] at Mo-Sci in Rolla, Missouri, patented a technique for directly extracting 

bioactive glass (BG) fibers from the melt during the rapid cooling process. This process 

resembles the synthesis of melt-derived BG, where oxides and carbonates are melted in a 

platinum crucible at 900o to 1500°C. The fibers are then manually drawn out or extracted 

through a bushing using a rotary drum [Zhou et al., 2016]. However, this method faces 

challenges in controlling fiber diameter, resulting in shorter fibers, and has a low fiber yield, with 

approximately 25% of the produced material ending up as beads. In a modified fiber extraction 

method anticipated by Zhou et al., high-pressure airflow (0.35 MPa) can be utilized to obtain 

fibres with longer and thinner texture, enhancing the quality of the fibers compared to the 

previous method [Zhou et al., 2016].  

An alternative method for synthesizing BG fibers involves processing melt-derived monoliths. 

Quintero et al. [2009] introduced the laser spinning technique, which generates uniformly long 

and cylindrical BG fibers with diameters ranging from 200 to 300 nm. This method is versatile 

and can be applied to various BG compositions incorporating therapeutic ions such as 

magnesium, zinc, and strontium, among others [Echezarreta-Lopez et al., 2017]. However, the 

fibers may not be entirely uniform in size, ranging from tens of nanometers to 5000 nanometers 

[Echezarreta-Lopez et al., 2014]. Additionally, the yield of usable fibers is limited, with the 

remaining material consisting of beads and colloids. 

(b) Sol-gel derived BG fibres 
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The sol-gel method often employs electrospinning to generate very fine fibers. In this process, a 

sol-gel solution is ejected from a syringe needle under high voltage, whipping it into long and 

uniform fibers that are deposited on a collector [Homaeigohar et al., 2020; Xue et al., 2019]. 

Several factors such as voltage that had been applied, humidity, surrounding temperature, sol and 

cation content, viscosity, distance to the collector, and collector type can affect the morphology 

of the fibers produced [Reneker et al., 2000; Tan et al., 2005; Norris et al., 2020]. 

Electrospinning is a technique for generating ultrafine fibers by forcing a solution through a 

syringe needle under high voltage. Although the concept dates back to the 1600s and was 

patented in 1934 by Formhales, it gained significant attention at the beginning of this century. 

Electrospun fibers closely resemble the fibrils found in the extracellular matrix (ECM), such as 

collagen and fibronectin, with diameters typically ranging from 100 to 700 nanometers 

[Bhardwaj et al., 2010]. This structural similarity makes them highly favorable for cellular 

connection, proliferation, and migratory behavior. Polymers are frequently electrospun because 

they are typically soluble in organic solvents and can be easily processed. 

▪ Electrostatic Force and Charge Repulsion:  

At the heart of the electrospinning process is the fundamental principle of electrostatic repulsion. 

When a high voltage is applied to a polymer solution or melt, an electric field is generated. This 

electric field imparts an electric charge to the polymer solution or melt. The electrostatic 

repulsion within the charged polymer material overcomes the surface tension, causing the 

material to form a thin jet. This charged jet is ejected from the tip of the spinneret [Xue et al., 

2019; Homaeigohar et al., 2020]. By rising up the intensity of the electric field, the 

hemispherical exterior of the formed solution globule extends, leading to the formation of a 

cone-shape [Taylor cone, Fig. 2.3.] [Stocco et al., 2018]. When the electric field approaches a 

crucial value (repulsive electrical forces exceed surface tension forces), a charged jet of the 

polymer solution can be expelled from the Taylor cone [Li et al., 2016]. 
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Fig. 2.3. Schematic overview of the electrospinning process. 

▪ Polymer Solution or Melt:  

The starting material for electrospinning is a polymer solution or polymer melt. The choice of 

polymer and, if applicable, the solvent is crucial, as it determines the physical and chemical 

properties of the resulting fibers. The polymer should have appropriate rheological properties 

and electrical conductivity for successful electrospinning [Haider et al., 2013, Pillay et al., 2013; 

Haider et al., 2018]. 

▪ Spinneret Design:  

The spinneret, typically a needle-like device, plays a crucial role in shaping the electrospun 

fibers. The spinneret can have a single nozzle or multiple nozzles, and the size and shape of these 

nozzles influence the morphology and diameter of the resulting fibers [Baumgarten, 1971, 

Matabola and Moutloali, 2013, Wang and Kumar, 2006]. The choice of spinneret design can be 

tailored to specific applications, allowing for control over fiber characteristics. 

▪ Collector Setup:  
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A grounded or oppositely charged collector is positioned at a certain distance from the spinneret. 

The collector serves as the target for the ejected jet of polymer material. As the charged jet 

travels toward the collector, it undergoes a stretching and whipping process due to the 

electrostatic forces, which lead to the thinning and solidification of the jet, resulting in the 

formation of ultrafine fibers. The distance between the spinneret and collector can affect the fiber 

alignment and diameter [Zhao X., 2022]. 

A rotating collector to the electrospinning process provides extra force in addition to high shear, 

and elongation forces that help orient the chains and align the lamellae in the fibre axis direction. 

The rate of solvent evaporation is also increased, contributing to a decrease in diameter [Ojha S., 

2017].  

▪ Fiber Diameter Control:  

Several parameters can be adjusted to control the diameter of electrospun fibers. These 

parameters include the viscosity of the polymer solution, the concentration of the polymer in the 

solution, the applied voltage, and the distance between the spinneret and collector. Higher 

polymer concentrations, greater applied voltages, and smaller distances between the spinneret 

and collector can yield smaller fiber diameters [Haider et al., 2018]. 

▪ Post-processing:  

Electrospun fibers may undergo post-processing steps to further enhance their properties. 

Common post-processing techniques include crosslinking, heat treatment, or surface 

modification. These steps can improve the mechanical strength, chemical resistance, and 

bioactivity of the fibers, making them suitable for specific applications, such as tissue 

engineering or filtration [Zhao X., 2022]. 

Electrospinning is a versatile and widely used technique, offering precise control over fiber size 

and morphology. The resulting fibers have an exceptionally high surface area-to-volume ratio, 

making them ideal for applications in fields like materials science, nanotechnology, drug 

delivery, and tissue engineering [Haider et al., 2018]. Researchers continue to explore new 

materials and methods to expand the range of applications for electrospun fibers. 
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2.4.5. Versatility of different ion containing bioactive glass in wound healing and 

hemostasis 

Various chemical elements from the periodic table exist within human tissues, playing crucial 

roles in maintaining bodily functions and overall health [Kaur et al., 2014; Chitturi et al., 2015]. 

These elements are essential for cell functions, enzymatic reactions, maintaining acid-base 

balance, and regulating body fluids. The physiological effects of these elements are dose-

dependent: elements like arsenic and cadmium can be medicinal in low concentrations but toxic 

in high amounts, while essential elements like calcium, potassium, and sodium can cause life-

threatening problems if present in excessive amounts [Anke et al., 2004]. 

Chemical elements in the body can be categorized based on their concentration and biological 

roles. One classification relevant to glass composition includes macro-elements, trace elements, 

and ultratrace elements. 

• Macro-elements: These include oxygen (O), carbon (C), hydrogen (H), nitrogen (N), 

calcium (Ca), phosphorus (P), potassium (K), sodium (Na), sulfur (S), chlorine (Cl), 

and magnesium (Mg). Their concentration in the body exceeds 0.01%, and they are 

considered “structural elements” because they form the mass of cells and tissues 

[Skalnaya et al., 2018]. 

• Trace elements: These include iron (Fe), zinc (Zn), fluorine (F), strontium (Sr), 

molybdenum (Mo), copper (Cu), bromine (Br), silicon (Si), cesium (Cs), iodine (I), 

manganese (Mn), aluminum (Al), lead (Pb), cadmium (Cd), boron (B), and rubidium 

(Rb). Their concentration ranges from 0.00001% to 0.01%, amounting to hundreds of 

milligrams to several grams in the human body [Skalnaya et al., 2018]. 

• Ultratrace elements: These include selenium (Se), cobalt (Co), vanadium (V), 

chromium (Cr), arsenic (As), nickel (Ni), lithium (Li), barium (Ba), titanium (Ti), 

silver (Ag), tin (Sn), beryllium (Be), gallium (Ga), germanium (Ge), mercury (Hg), 

scandium (Sc), zirconium (Zr), bismuth (Bi), antimony (Sb), uranium (U), thorium 

(Th), and rhodium (Rh). Their concentration is less than 0.000001%, measured in 

milligrams or micrograms [Skalnaya et al., 2018]. 
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Certain trace elements are vital, such as selenium (Se), iodine (I), zinc (Zn), copper (Cu), cobalt 

(Co), iron (Fe), manganese (Mn), and molybdenum (Mo) [Skalnaya et al., 2018; Zoroddu et al., 

2019]. Others, like boron (B), silicon (Si), arsenic (As), fluorine (F), lithium (Li), bromine (Br), 

nickel (Ni), and vanadium (V), are considered “conditionally essential” [Skalnaya et al., 2018]. 

The ionic dissolution products of bioactive glasses play an active role in wound healing by 

affecting molecular and cellular processes in the body [Zoroddu et al., 2019]. The following 

sections will discuss the biological significance of elements such as copper, zinc, boron, calcium, 

cobalt, silicon, aluminum, gallium, and tantalum in wound healing and hemostasis. 

a) Wound healing 

Copper: 

Copper (Cu) is known for its anti-inflammatory properties, often used in complexes to enhance 

the effects of non-steroidal anti-inflammatory drugs (NSAIDs) while reducing their toxicity 

[Weder et al., 2002; Hussain et al., 2019; Psomas et al., 2020]. Cu plays a crucial role in wound 

healing by mitigating inflammation and oxidative stress through various mechanisms: (a) Redox 

Reactions: Cu participates in redox reactions to scavenge and neutralize harmful reactive oxygen 

species (ROS) and free radicals, reducing oxidative stress and inflammation [Wilkinson et al., 

1987]. (b) Enzymatic Activity: Cu acts as a catalyst for enzymes like matrix metalloproteinases 

(MMPs), hydroxylases, and oxidases, which break down ROS and prevent inflammation. (c) 

Superoxide Dismutase Activity: Cu mimics the activity of superoxide dismutase, neutralizing 

superoxide anions and preventing inflammation. (d) OH-Inactivation: Cu complexes with OH-

inactivating ligands can neutralize hydroxyl free radicals, mitigating their inflammatory effects 

[Berthon et al., 1993]. Ceruloplasmin, a protein binding plasma Cu, increases under 

inflammatory conditions, demonstrating a protective role in inflammation. In Cu-containing 

mesoporous bioactive glasses (MBGs), Cu stimulates macrophage migration and switches 

macrophage phenotype from pro-inflammatory M1 to anti-inflammatory M2. This transition is 

associated with increased expression of cytokines like IL-1 and IL-1ra. 

In vivo tests show that Cu-MBGs induce a low inflammatory response and promote 

angiogenesis. BGs with compositions like 75SiO2-15CaO-5CuO-5P2O5 decrease pro-
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inflammatory markers TNF-α and IL-18, increase anti-inflammatory cytokine IL-10, and shift 

macrophage markers from M1 (iNOS) to M2 (CD206). These results highlight the potential of 

Cu-containing BGs to modulate inflammation and promote healing [Lin et al., 2019]. 

Copper is known to promote angiogenesis through various mechanisms, including the activation 

of signaling pathways that lead to the upregulation of angiogenic factors. In bioactive glasses 

(BGs), the addition of copper has shown mixed results in stimulating blood vessel formation in 

animal models, with some concentrations being toxic. However, in vitro studies have generally 

demonstrated positive effects of copper-containing BGs on angiogenesis, promoting vessel 

density and stimulating VEGF expression and tubule formation. Incorporating copper into BGs 

loaded into organic scaffolds has also been shown to enhance angiogenesis, making them 

promising for promoting blood vessel formation in regenerative medicine applications [Berthon 

et al., 1993]. 

Copper (Cu) promotes the migration of keratinocytes by influencing integrin activity and 

enhancing the presence of PCNA and p63 in these cells. Cu-based superoxide dismutase (SOD) 

stimulates keratinocyte proliferation and migration, while its paracrine effect induces the 

expression of EGF and IGF as part of its anti-inflammatory properties [Zhao, 2022]. 

Cu-doped bioactive glass (Cu-BG) fibers, resembling the ECM, promote epithelial cell migration 

and wound closure. Cu-doped 1393-B3 glass microfibers significantly accelerate wound closure 

in rodent models, surpassing Cu-free BGs and controls, and promote HUVEC tubule formation 

in vitro. Cu-BGs are incorporated into scaffolds or hydrogels to promote wound closure. For 

instance, Cu-containing SiO2-CaO-P2O5 BG nanocoating enhances diabetic wound closure, and 

Cu-doped BG-coated eggshell membranes stimulate faster wound closure in mice. Cu-containing 

1393-B2 in PLGA scaffolds promotes wound closure in rat models [Lin et al., 2019]. 

Copper (Cu) is crucial for connective tissue as it binds with lysyl oxidase, an enzyme necessary 

for collagen and elastin crosslinking. Copper deficiency can down-regulate collagen synthesis, 

especially in bone tissue. Cu also stabilizes fibronectins, with concentrations over 0.06 mg/L 

enhancing stabilization. Cu-containing fibers improve extracellular matrix (ECM) protein 

attachment and promote greater collagen deposition and organization. Cu-containing bioactive 

glasses (Cu-BGs) stimulate increased collagen deposition and improved ECM arrangement in 
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various contexts, including hydrogels, membranes, and dressings. Histological examinations 

consistently show denser and more aligned ECM in Cu-BG-treated groups compared to controls 

[Zhao, 2022]. 

Zinc: 

Zinc (Zn) acts as an anti-inflammatory ion through various mechanisms, including its regulatory 

effects on zinc transporter mRNA and its antioxidant properties. Here are some of the key 

mechanisms by which zinc exhibits anti-inflammatory effects: (a) Inhibition of NADPH 

Enzyme: Zinc inhibits the NADPH enzyme, which plays a role in the generation of reactive 

oxygen species (ROS). By inhibiting this enzyme, zinc helps reduce oxidative stress and 

inflammation. (b) Induction of Metallothioneins: Zinc induces the production of 

metallothioneins, which are proteins that bind to and regulate the levels of essential metals like 

zinc, copper, and cadmium. Metallothioneins can have protective effects against oxidative stress 

and inflammation. (c) Competition with Iron and Copper: Zinc competes with iron and copper 

for binding sites on the cell membrane. This competition prevents the production of hydroxyl 

radicals from iron and copper, which are highly reactive and contribute to oxidative damage. (d) 

Reduction of Cytotoxic Cytokines: Zinc reduces the production of cytotoxic cytokines, which are 

inflammatory signaling molecules. By decreasing the levels of these cytokines, zinc helps 

mitigate inflammation. (e) Promotion of Superoxide Dismutase (SOD): Zinc promotes the 

proliferation of the enzyme superoxide dismutase (SOD) [Prasad et al., 2002; Prasad et al., 

2009]. SOD is responsible for converting superoxide radicals into less harmful molecules, such 

as hydrogen peroxide, reducing oxidative stress. Zinc also prevents apoptosis (cell death) and has 

anti-tumorigenic effects on both epithelial and endothelial tissues. It stimulates anti-

inflammatory responses and promotes healing by supporting the production of nutrients and 

proteins that aid in tissue repair [Lansdown et al., 2007]. A deficiency of zinc can impair 

cytokine function and secretion, affecting the immune system's essential messengers. 

In zinc deficiency, chemotaxis of leukocytes (movement of immune cells) and the production of 

ROS are inhibited, leading to prolonged inflammation. The delayed secretion of cytokines, ROS, 

and reduced macrophage chemotaxis underscores the potential of zinc for anti-inflammatory 

effects [Krizkova et al., 2012]. 
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Regarding bioactive glasses (BGs), those containing zinc have demonstrated anti-inflammatory 

effects. For example, a phosphate BG containing zinc exhibited similar effects to 45S5 BG in 

terms of down-regulating the pro-inflammatory cytokine IL-6 and up-regulating the anti-

inflammatory cytokine IL-10. However, 45S5 BG was found to be more toxic to 

lipopolysaccharide (LPS)-treated RAW cells [Lang et al., 2007]. In borosilicate glasses with 

various zinc concentrations, 5 mol% zinc incorporation induced the smallest M1/M2 ratio for 

THP-1 cells. This led to high expressions of anti-inflammatory markers like ARG and IL-10, as 

well as a paracrine effect that stimulated the expression of growth factors from human bone 

marrow stromal cells (hBMSCs). Similar anti-inflammatory effects were observed in chitosan-

alginate hydrogels containing zinc-containing 58S BG nanoparticles, resulting in down-

regulation of pro-inflammatory factors, enhanced wound closure, and angiogenesis in vivo. 

Compared to copper-containing BGs of the same composition, zinc-containing BGs were found 

to be more anti-inflammatory, further emphasizing the potential of zinc in modulating 

inflammation during the wound healing process [Tapiero et al., 2003]. 

Zinc (Zn) is known to promote angiogenesis by interacting with reactive oxygen species (ROS) 

and inducing the production of angiogenic factors like FGF-2 and VEGF, stimulating endothelial 

cell migration, proliferation, and blood vessel formation. However, some studies suggest Zn may 

also exhibit anti-angiogenic properties. In the context of bioactive glasses (BGs), Zn is often co-

loaded with other elements, such as copper (Cu), to enhance angiogenesis. Co-loaded BGs have 

shown improved cell proliferation, migration, protein expression, angiogenesis, and wound 

healing in both in vitro and in vivo studies. Zn-containing BGs have also been found to induce 

higher VEGF secretion compared to Cu-containing BGs and control materials. Alginate/chitosan 

hydrogels containing Zn-containing BG nanoparticles have demonstrated a pro-angiogenic effect 

in rats, promoting sprout angiogenesis and showing a synergistic effect with epidermal growth 

factor (EGF) to enhance angiogenesis [Zhu et al., 2019]. 

Zinc (Zn) up-regulates integrins in keratinocytes and promotes their proliferation and migration, 

aiding in wound healing. Zinc-doped bioactive glass (Zn-BG) stimulates keratinocyte 

proliferation and re-epithelialization. For example, Zn-doped 58S BG nanoparticles in chitosan-

alginate hydrogels promoted faster wound closure in rats. Combining Zn with copper (Cu) in 
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bioactive glasses (Cu-BGs) enhances wound healing, complicating the assessment of Zn's 

specific effects on epithelialization. 

Zinc (Zn) can disrupt fibronectin and collagen alignment in the extracellular matrix (ECM) by 

inducing structural changes in the fibronectin binding domain. However, Zn also reduces 

collagen degradation and stimulates collagen synthesis in bone cells. While it may induce 

protease expressions like collagenase and elastase, Zn generally inhibits matrix 

metalloproteinases (MMPs) and prevents ECM degradation. Zn-doped 58S bioactive glass 

nanoparticle (NPs) enhance collagen deposition in a chitosan-alginate hydrogel, and a 

commercial product, Mirragen®, containing Zn and copper (Cu), promotes ECM deposition in 

treating diabetic ulcers [Bai et al., 2021]. 

Boron: 

Borate and borosilicate glasses possess anti-inflammatory properties, primarily demonstrated 

through the inhibition of key inflammatory mediators like iNOS and COX-2, reduction in nitric 

oxide (NO) production, and stimulation of ROS metabolism [Demirci et al., 2016]. Boron-

containing materials have shown effectiveness in reducing inflammatory responses, especially at 

higher concentrations. While research on the anti-inflammatory effects of borate bioactive 

glasses (BGs) is limited, their rapid dissolution kinetics make them promising for delivering 

therapeutic ions and drugs. For example, boron-containing mesoporous bioactive glass (MBG) 

scaffolds have been used to incorporate biomimetic anti-inflammatory nano-capsules, effectively 

blocking the production of pro-inflammatory cytokines and promoting M2 macrophage 

polarization, which is anti-inflammatory [Nielson et al., 1996; Yin et al., 2020]. 

Boron plays a significant role in cellular activities by binding to cis diol groups, allowing it to 

cross cell membranes and interact with RNA ribose moieties. Borate groups stimulate the 

translation of mRNA for factors like VEGF and TGF-β, promoting their expression in 

endothelial cells. In bioactive glass (BG), boron enhances angiogenic responses. BG 

compositions with boron, such as 45S5.2B, stimulate endothelial cell proliferation, migration, 

and tubule formation through increased ERK phosphorylation. Boron-containing BG fibers and 

particles also promote angiogenesis in vitro and in vivo. 
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Various BG compositions, including '01-06B1' and GL1550, induce higher expressions of 

angiogenic factors like VEGF and CD31 in endothelial cells. The addition of aluminum to borate 

BGs further enhances angiogenic factors. These boron-containing BGs show higher angiogenic 

capabilities compared to silicate-based glasses, making them promising for regenerative 

applications [Zhao, 2022]. 

The addition of boron to bioactive glass (BG) formulations enhances their re-epithelialization 

effects by promoting keratinocyte activities and increasing protein expressions essential for 

epithelialization. Studies have shown that wounds treated with boron-containing BGs exhibit 

significantly higher percentages of wound area recovery compared to treatments with pure BGs 

or BGs combined with growth factors. Boron ions promote keratinocyte migration and stimulate 

the production of growth factors involved in wound healing, such as G-CGF, GM-CGF, FGF-7, 

and TGF-β. In vivo experiments using rodent models with skin defects have demonstrated that 

borate-based BGs promote faster wound closure and reduce the extent of damaged tissue 

compared to traditional BGs and control groups [Demirci et al., 2016]. 

Boric acid and sodium pentaborate stimulate the deposition of laminin and fibronectin, key 

extracellular matrix (ECM) proteins, from fibroblasts. Borate-based bioactive glasses (BGs) 

show promise in promoting ECM deposition due to their rapid dissolution (about 5 times faster 

than silicate glasses) and ion release [Roy et al., 2023a]. Borate and borosilicate BGs, with non-

cytotoxic boron release, outperform silicate-based BGs in collagen deposition for bone 

regeneration. Borate-based fibers mimic the ECM, aiding in ECM protein migration and 

deposition. Further research on the mechanisms behind these anti-inflammatory effects could 

have a significant impact on understanding their therapeutic applications. 

Calcium: 

Calcium serves as a primary regulator of keratinocyte differentiation [Law et al., 2015] by 

controlling the expression of specific genes involved in this process, such as transglutaminase, 

involucrin, loricrin, cytokeratin 1, cytokeratin 10, and filaggrin [Bikle et al., 2012; Subramaniam 

et al., 2021]. Increased calcium concentrations prompt keratinocytes to initiate differentiation 

and establish crucial intracellular mechanisms for this purpose. In addition, calcium regulates the 

formation of cell junctions like desmosomes, adherens junctions, and tight junctions. It also 
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activates the calcium-sensing receptor (CaSR), which is necessary to trigger the intracellular 

mechanisms governing keratinocyte differentiation and survival [Bikle et al., 2012; Hennings et 

al., 1983; Tu et al., 2008]. 

For fibroblasts, calcium is predominantly used intracellularly for contraction, which is vital for 

reducing wound size during healing. Intracellular calcium is essential for fibroblast cell adhesion, 

as it mediates actin remodeling and cadherin recruitment to intracellular junctions [Ko et al., 

2001; Xue et al., 2015]. Calcium plays a pivotal role in various signaling pathways regulating 

angiogenesis [Berridge et al., 1998]. Many mitogens, including angiogenic factors, induce 

calcium influx by opening plasma membrane calcium channels or releasing calcium from 

intracellular stores like the endoplasmic reticulum [Munaron et al., 2006]. This influx is crucial 

for endothelial cell migration, adhesion, proliferation, and vessel formation in both in vitro and 

in vivo settings [Alessandro et al., 1996; Kohn et al., 1995]. 

During the inflammatory phase, high extracellular calcium can enter neutrophils, leading to an 

increase in intracellular calcium levels, which modulates neutrophil function [Immler et al., 

2018]. In the proliferative phase of wound healing, extracellular calcium is crucial for epidermal 

homeostasis. The calcium-sensing receptor (CaSR) in keratinocytes promotes adhesion, 

differentiation, and survival by initiating intracellular calcium and E-cadherin-mediated signaling 

[Tu et al., 2008; Cordeiro et al., 2013]. The rapid increase in calcium ion propagation at the 

wound site acts as a transcription-independent signal for tissue damage, initiating epithelial 

healing [Cordeiro et al., 2013]. 

Cobalt: 

Cobalt (Co) promotes angiogenesis by mimicking hypoxia [Tanaka et al., 2005], leading to the 

up-regulation of hypoxia-responsive factors like VEGF, FGF-2, and TGF-β. In bioactive glasses 

(BGs), Co-containing scaffolds have shown promise for angiogenesis in bone and cartilage 

tissues [Chen et al., 2020; Barrioni et al., 2018; de Laia et al., 2021]. Co-containing BGs 

stimulated higher VEGF secretion from MSCs and increased neo vessel formation in animal 

models compared to Co-free BGs. Specific types of Co-BGs, such as 58S Co-BG, promoted 

HIF-1α and VEGF expression in endothelial cells and enhanced tubule formation [Kargozar et 

al., 2017; Lee et al., 2013]. Composites containing Co-BGs have been proposed for wound 
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angiogenesis, promoting HUVEC proliferation, migration, and tubule formation [Quinlan et al., 

2015]. Increasing Co concentration in BGs generally led to higher HIF-1α and VEGF expression, 

although higher Co concentrations did not significantly affect VEGF expression [Hoppe et al., 

2014]. 

Silicon: 

Silicon is the third most abundant trace element in the human body. It is predominantly found in 

connective tissues such as bone, skin, and blood vessels. Silicon plays a crucial role in bone 

mineralization and osteogenesis. Additionally, silicon released during the degradation of silicon-

containing biomaterials, like bioactive glasses, has been shown to stimulate the secretion of pro-

angiogenic growth factors. Silicon also enhances the strength and elasticity of the skin. It is vital 

for the optimal synthesis of collagen and the formation of the collagen network, as well as being 

involved in the synthesis of glycosaminoglycans and the activation of hydroxylation enzymes 

[Roy et al., 2023b, Zhao X, 2022]. 

 

Fig. 2.4. Schematic representation of bioactive glass (BG) dissolution products and their roles in 

distinct stages of wound healing. 
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b) Hemostasis 

Silica-based inorganic materials have been used in wound healing for their hemostatic properties. 

Kaolin clay-impregnated gauze, such as QuikClot®, has been used for over a decade to stop 

severe bleeding. Other materials like silica nanoparticles, mesoporous silica, and silicate clay 

have also been employed as hemostatic agents. The effectiveness of these materials is attributed 

to soluble silicate ions, which promote platelet aggregation through pathways involving MMP2 

and adenosine diphosphate. They also have high absorption capabilities, condensing coagulation 

factors and generating Si-O functional groups on their surfaces, which activate factor XII of the 

intrinsic coagulation pathway. 

However, there are limitations to these materials. For example, QuikClot® has poor 

biodegradability and can induce an exothermic reaction that may lead to tissue damage, foreign-

body reactions, and thrombosis. As a result, the FDA has imposed restrictions on their use. 

In contrast, bioactive glasses (BGs) are a newer approach in wound healing. BGs release 

therapeutic ions such as silicon (Si) and calcium (Ca²+), which play crucial roles in the 

coagulation cascade. For instance, calcium ions are involved in thrombin regeneration and 

stimulate platelet chemotaxis, adhesion, and enzyme activation. Incorporating calcium into the 

silicate network of sol-gel glasses increases their pore size and surface area, enhancing their 

absorption abilities. 

Ostomel et al. [2006] developed a hemostatic BG using SiO2-CaO-CaP sol-gel microspheres and 

found that it enhanced clot initiation, growth, and ultimate clot strength. Similarly, the addition 

of calcium to silica has been shown to improve clotting kinetics both in vitro and in vivo using 

animal models. However, excessive calcium ions can have a negative hemostatic effect by 

inducing apatite formation. Incorporating Ca²+ into BGs enhances their absorption abilities and 

pore size, leading to increased clot stiffness and platelet aggregation. Bioactive glasses exhibit 

hemostatic properties through diverse mechanisms. One significant mechanism involves their 

capacity to initiate the coagulation cascade, leading to the formation of blood clots. This 

initiation is facilitated by ions such as Ca2+ (clotting factor IV) present in the composition of 

bioactive glass. These ions interact with proteins within the blood, initiating the clotting process 

and promoting hemostasis [Pourshahrestani et al., 2016; Pourshahrestani et al., 2019]. 
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Furthermore, the surface characteristics of bioactive glasses play a vital role. Their high surface 

area and porosity create an environment conducive to platelet adhesion and activation. Platelets 

adhere to the surface of bioactive glasses, where they become activated and release factors that 

further promote clot formation [Ostomel et al., 2006]. 

Recent studies have demonstrated that adding a low concentration (1 mol%) of therapeutic 

gallium ions (Ga3+) to bioactive glass enhances thrombus formation, activates blood coagulation, 

and improves its biodegradability and biocompatibility [Pourshahrestani et al., 2017]. In another 

study, researchers investigated the role of tantalum (Ta)-containing bioactive glass in hemostasis. 

Although the exact mechanism is not fully understood, it is believed that Ta can modify the glass 

network to expose more negatively charged silanol groups, providing a highly negatively 

charged surface that enhances hemostasis [Nagrath et al., 2021]. 

While such research on heavy metal ion-incorporated bioactive glasses shows promise, 

prolonged exposure to heavy metals can lead to various health issues, including skin allergies, 

severe redness, swelling, skin ulcers, cellular death, DNA damage, oxidative stress, 

neurotoxicity, memory loss, reproductive failure, and carcinogenic effects. Overall, BGs show 

great promise in hemostasis due to their ability to release therapeutic ions and enhance clotting 

mechanisms. Further research is needed to optimize their formulations and understand their full 

potential in clinical applications. 
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Fig. 2.5. The bioactive glass demonstrates effective hemostatic properties and antibacterial 

effects through distinct mechanisms. Their negative surface charge activates the intrinsic 

pathway of the coagulation cascade, leading to rapid hemostasis. Additionally, these materials 

accelerate thrombin formation by releasing Ca2+ and other ions (e.g., Al3+, Ga3+) and concentrate 

blood components, promoting clot formation. Their high water absorption capacity, facilitated by 

Ca2+ interactions with water molecules in their pores, further supports clotting. Moreover, these 

materials release therapeutic elements that contribute to their antibacterial effects. 
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Table 2.2: Role of various ions in wound healing and hemostasis application 

Therapeutic ions Application in wound healing & hemostasis 

Zinc (Zn2+) Improving epidermal keratinocyte proliferation and migration, 

showing antioxidant effects. Also, inhibition of bacterial growth 

and thereby prevention of infection. 

Copper (Cu2+) Regulation of the activity of proteins involved in wound healing 

such as VEGF (enhancing angiogenesis) and maturation of collagen 

and elastin. Inhibition of bacterial growth and thereby prevention of 

infection. 

Calcium (Ca2+) Improving hemostasis. Modulation of keratinocyte proliferation and 

differentiation. Improving fibroblast proliferation. Improving type I 

collagen synthesis and the increasing ratio of collagen I/III. 

Cobalt (Co2+) Cobalt ions (Co2+) are also known as hypoxia mimetic agents which 

can enhance blood vessel formation by stabilizing hypoxia 

inducible factor-1 alpha (HIF-1α). The stabilization of this 

transcription factor in response to hypoxic conditions results in the 

activation of angiogenic mediators, including vascular endothelial 

growth factor (VEGF), thus promoting angiogenesis. 

Boron[(BO3)3-] Acceleration of wound healing via activation of angiogenesis 

(overexpression of VEGF and TGF β). Enhancing the proliferation, 

migration and production of vital growth factors of dermal cells. 

Silicon (Si4+) It has been shown that silicon released during the degradation of 

silicon-containing biomaterials (e.g., bioactive glasses) stimulates 

the secretion of pro-angiogenic growth factors. Silicon improves the 

strength and elasticity of the skin. Moreover, it is an important 

element for optimal synthesis of collagen and collagen network 
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formation, and also it involves in glycosaminoglycans synthesis and 

activating the hydroxylation enzymes. 

Aluminum (Al3+) It can promote hemostasis by interaction with various coagulation 

factors such as fibrinogen and prothrombin, which are essential for 

clot formation. Al3+ ions influence the platelet activation, leading to 

formation of platelet plug at the site of injury. 

Gallium (Ga3+) Low concentration of therapeutic Galium ions into bioactive glass 

matrix not only enhanced its capability of platelet aggregation, 

thrombus formation and blood coagulation activation but also 

improved its biodegradability and biocompatibility. 

Tantalum (Ta5+) Ta accelerates hemostasis is not completely understood. It is 

believed that Ta can modify the glass network to expose more of 

negatively charged silanol groups to provide a highly negatively-

charged surface to enhance hemostasis. 
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Chapter 3: Objectives 
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The specific objective of the present study includes: 

3.1. Part A 

Objective 1: 

Synthesis and characterization of antibacterial (Ag+ incorporated) bioactive glass 

(acronym, AgBG) composition.  

➢ Synthesis of AgBG having composition [(70-x) mol% SiO2, (30-y) mol% CaO, with x 

ranging from 1 to 5 mol% for B2O3, and y ranging from 0.001 to 0.1 mol% for Ag2O] 

using the sol-gel method.  

➢ In vitro physicochemical characterizations such as XRD, TG-DSC, FTIR, FESEM, zeta 

potential, BET,  and Angle of Repose to assess the properties of AgBG followed by in 

vitro cytotoxicity assay for it’s cytocompatibility.  

Objective 2: 

Fabrication of antibacterial bioactive glass-based micronanofibers (ABGmnf) via 

electrospinning technique and in vitro physicochemical and biological assessments.  

➢ Fabrication of ABGmnf based wound care matrix using the aforementioned glass 

composition by adding AgBG of a particular particle size range to an FDA-approved 

polymer solution in a specific ratio to achieve the desired rheological properties for the 

electrospinning process. 

➢ In vitro material characterizations on the as-prepared ABGmnf, such as XRD, FTIR, TG-

DSC, FESEM, solubility and mechanical property assessment. 

➢ In vitro biological assessments to determine ABGmnf's wound healing potential. This 

involved conducting an in vitro cytotoxicity assay, followed by immunofluorescence 

staining to visualize cellular morphology and proliferation after ABGmnf based wound 

care matrix treatment. Subsequently, 2D wound healing assay and antibacterial assays 

were conducted to determine the minimum inhibitory concentration (MIC) and zone of 

inhibition (ZOI) following standard protocols. 

Objective 3: 
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Evaluation of the in vivo biocompatibility, toxicity, pharmacokinetics and wound healing 

properties of the fabricated materials using Wistar rats.  

➢ In vivo assessment of the biocompatibility and host immunogenic response, followed by 

toxicity evaluation through hemogram analysis and histological examinations. 

➢ Single-dose dermal pharmacokinetic and biodistribution study of the ABGmnf based 

wound care matrix. 

➢ In vivo comparable efficacy study of the ABGmnf based wound care matrix compared to 

a market brand, followed by histopathological assessment. 

3.2. Part B 

Objective 1: 

Synthesis and characterization of an antibacterial bioactive glass (Al3+ incorporated)  

composition having  hemostatic properties (Al-BAG/AlBG).  

➢ Synthesis of Al-BAG having composition 70 mol% SiO2, (30-x-y) mol% CaO, x mol% 

Al2O3, and y mol% ZnO, where x ranges from 10 to 18 mol% and y ranges from 0 to 8 

mol%, using the sol-gel method. 

➢ Physicochemical characterizations, including XRD, FTIR, TG-DSC, BET, particle size 

analysis, and FESEM-EDX. 

➢ In vitro degradation and ion release studies, as well as assessment of the efficacy of blood 

absorption. 

Objective 2: 

Assessment of the in vitro cytotoxicity, hemocompatibility, antibacterial properties, and 

hemostatic potential of the developed Al-BAG following standard protocols.  

➢ In vitro biological assays, cytotoxicity assay, immunofluorescence staining to visualize 

cellular morphology after treatment with Al-BAG. Subsequently, hemocompatibility was 

assessed through a hemolysis test. 

➢ Antibacterial activity assessment of Al-BAG using a Time-kill test method. 
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➢ Evaluating the hemostatic potential of Al-BAG through in vitro coagulation assays, 

including activated partial thromboplastin time (aPTT) and prothrombin time (PT), 

followed by thrombin generation, thrombus formation, platelet adhesion, red blood cell 

adhesion, whole blood clotting, and determination of the blood clotting index, all 

conducted according to standard protocols. 

Objective 3: 

In vivo dermal toxicity assessment histological analyses, to evaluate the material's safety. 

Additionally, the hemostatic potential of the material was also investigated: 

➢ Acute dermal toxicity assessment using Wistar rats, followed by histological 

examination. 

➢ Evaluating the hemostatic potential of Al-BAG wrt clotting time and the percentage of 

blood loss. 
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Chapter 4: Experimental Procedures 
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4.1. Materials 

Deionized and decarbonated ultrapure water (Millipore, specific resistivity: 18MΩ) has been 

utilized for all the experimental preparations and all chemicals were used in this study as 

received without undergoing purification process. 

4.2. Reagents list 

1. Tetraethyl orthosilicate (98%, TEOS, TCI) 

2. Calcium nitrate tetrahydrate [Ca(NO3)2.4H2O, >99.0%] Emplura 

3. Tributyl borate (TBB)- Sigma-Aldrich 

4. Silver nitrate (AgNO3) LOBA- ChemieIndoaustranal Co., Bombay 

5. Polyvinylpyrrolidone (PVP, MW 40000)- SRL 

6. Poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol)[Pluronic® 

P123, Sigma-Aldrich] 

7. Ethanol (EtOH) Emplura 

8. Reagent grade hydrochloric acid (HCl), ACS 

9. Reagent grade sulfuric acid (H2SO4), ACS 

10. Aluminum nitrate nonahydrate [Al((NO3)3.9H2O,>99.0%]-MERCK, India 

11. Zinc nitrate hexahydrate [Zn((NO3)2.6H2O, >99.0%]-MERCK, India 

12. Sodium bicarbonate [NaHCO₃]- MERCK, India 

13. Barium hydroxide [Ba(OH)2 ]-MERCK, India 

14. Dimethyl sulfoxide (BIOREAGENT) (CH3)2SO Sigma-Aldrich, USA, 99.9% 

15. Dulbecco’s modification of Eagle’s Medium (DMEM) Invitrogen, Carlsbad, USA, 99.0% 

16. Phosphate buffered saline – Sigma-Aldrich, USA, 99.9% 

17. 1X Trypsin-EDTA solution-Sigma-Aldrich, USA, 99.9% 

18. Fetal Bovine Serum-Invitrogen, Carlsbad, USA, 99.9% 

19. Filter (0.2 µm) sterilized-Millipore, USA 

20. MTT powder (Thiazolyl blue tetrazolium bromide)3-(4, 5 dimethylthiazol e-2-yl)-2,5-

phenyltetrazolium bromide, C18H18BrN5S Sigma-Aldrich,USA, 97.5% 

21. TNF-α ELISA assay kit (ImmunoTag, USA) 

22. IL-6 ELISA assay kit (ImmunoTag, USA) 

23. TAT ELISA kit (ImmunoTag, USA) 
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24. LDH ELISA kit (ImmunoTag, USA) 

25. Paraformaldehyde powder - Sigma-Aldrich, USA, 95% 

26. Nutrient agar plate-MP001, HIMEDIA, India 

27. Luria Bertani agar plate-MP1151, HIMEDIA, India 

28. Sheep blood agar plate-MP1310, HIMEDIA, India 

29. Antibiotic Antimycotic Solution 100X Liquid w/10,000 U Penicillin, 10mg Streptomycin 

and 25 µg Amphotericin B per ml in 0.9% normal saline, HIMEDIA, India 

30. Gentamicin Ezy MICTM Strip (HLG) (0.064-1024 mcg/ml), HIMEDIA, India 

31. Luria Bertani Broth, Miller (Miller Luria Bertani Broth), HIMEDIA, India  
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Sample Preparation: 

The detailed synthesis of samples and experimental procedures are described below: 

4.3. Experimental: Part A  

4.3.1. Fabrication of ABGmnf based wound care matrix 

4.3.1.1. Synthesis of AgBG 

The bioactive glass composition denoted as AgBG comprises varying proportions: (70-x) mol% 

SiO2, (30-y) mol% CaO, with x being within the range of 1 to 5 mol% for B2O3, and y ranging 

from 0.001 to 0.1 mol% for Ag2O. This glass was synthesized using a straightforward sol-gel 

technique. The process involved creating a precursor sol by sequentially introducing tetraethyl 

orthosilicate (TEOS) as the SiO2 source, calcium nitrate (for CaO), tetraethyl borate (TBB, asthe 

BO3- source), and silver nitrate (AgNO3, as the Ag source) into a solution of 1N HCl. Continuous 

stirring was performed until a clear solution formed. To initiate hydrolysis, each precursor was 

added separately to a predetermined volume of 1N HCl solution. Once the salts were completely 

dissolved, the subsequent salt was introduced. The resulting sol was then placed in an incubator 

at 60°C. After gel formation, the bioactive glass was obtained through heat treatment within the 

temperature range of 600°C to 650°C [Ebrahimi et al., 2023; Azari et al., 2023]. 

4.3.1.2. Preparation of polymer solution 

A requisite quantity of PVP powder was added to ethanol to get a 10-15 % weight/volume PVP 

polymer solution that was stirred for 1:30-2h at 200 rpm. 

4.3.1.3. Preparation of the solution for electrospinning 

The previously mentioned AgBG powder was uniformly incorporated into the polymer solution 

at different weight-to-volume ratios (wt/v) of 6%, 12%, and 18%. Among these options, 6% was 

selected for the electrospinning process for its optimum rheological property for the 

electrospinning process. Before being loaded onto the electrospinning machine, the solution 

underwent a process of removing air bubbles to ensure its quality and performance [Alcaide et 

al., 2010]. 
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4.3.1.4. Electrospinning procedure 

The sol as prepared above was poured into a 5ml disposable syringe. The parameters for 

electrospinning [E- SPIN NANOTECH, Super ES-1] are optimized after several trials are given 

as follows: 

a. Distance between Spinneret to collector: 7-10cm 

b. Flow rate: 2-3 ml/h 

c. Applied voltage:10-13kV 

The as-spun fibres were collected on aluminum foil throughout the spinning and the fibres were 

collected from the foil [Fig. 4.1.]. 

 

 

 

Fig. 4.1. The graphical illustrations of the fabrication of ABGmnf based wound care matrix. 
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4.3.2. Characterizations of AgBG and ABGmnf based wound care matrix: 

4.3.2.1. In vitro material characterizations 

a) X-ray diffraction (XRD) 

X-ray diffraction (XRD) analysis of both the AgBG and ABGmnf based wound care matrix 

samples was conducted using a X'Pert Pro MPD diffractometer from Panalytical in Almelo, 

Netherlands. CuKα radiation was employed as the X-ray source. The examination of the samples 

was performed in a range of 2θ angles from 20° to 80°, with a step size of 0.03° [Roy et al., 

2023a]. 

b)FTIR 

Fourier Transform Infrared Spectroscopy (FTIR) analysis of AgBG, both the PVP by itself and 

the ABGmnf based wound care matrix were performed using the KBr pellet method. This 

method involves mixing the sample with KBr (Sigma Aldrich, 99%) at a ratio of 1:100 (w/w). 

The analysis was conducted using a Spectrum 100 FTIR spectrometer from Perkin Elmer. The 

instrument's settings included a resolution of 4 cm-1, averaging 50 scans, and a wavelength range 

spanning from 4000 cm-1 to 400 cm-1 [Roy et al., 2023a]. 

c)TG-DSC of AgBG and ABGmnf based woundcare matrix 

The thermal characteristics of the AgBG and ABGmnf based wound care matrix were assessed 

using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA was 

conducted on NETZSCH STA 409 CD automatic thermal analyzer, where sealed samples 

underwent heating in an aluminum pan at a rate of 20°C/min from 50°C to 1000°C, with a 

constant nitrogen flow of 150 ml/min. For DSC measurements, the temperature range was -50°C 

to 1000°C, employing a heating rate of 15°C/min under a nitrogen atmosphere [Roy et al., 

2023b]. 

d)FESEM of AgBG and ABGmnf based woundcare matrix 

The morphology of AgBG powder and both the PVP matrix and the ABGmnf woundcare matrix 

were examined using Field Emission Scanning Electron Microscopy (FESEM) conducted with a 
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Carl Zeiss SMT AG SUPRA 35VP instrument. To prepare the specimens for analysis, they were 

mounted onto aluminum stubs and then sputter coated with palladium.  

e)Zeta potential (ZP) measurement of AgBG 

To assess the stability of AgBG particle suspensions, the zeta potential of the AgBG particles 

was measured using dynamic light scattering (DLS) with a Zetasizer (Malvern Instrument Ltd., 

UK). To approximate an in vivo ionic environment, the AgBG sample was suspended in 

deionized (DI) water with a pH of 7.4. Zeta potential measurements were conducted six times, 

with each measurement representing the average of 40 runs. Mean values and standard 

deviations were calculated. The instrument automatically determined electrophoretic mobility 

(U) and calculated the Zeta potential based on Smoluchowski’s equation [Doostmohammadi et 

al., 2011]. 

ζ= (Uη)/ε 

where, ζ is the Zeta potential, U is the electrophoretic mobility, η the medium viscosity and ε is 

the dielectric constant. 

f)BET of AgBG 

The N2 adsorption-desorption isotherm was obtained using a [machine name]. Preceding the 

measurement, the sample underwent a 4-h out gassing procedure at 300°C under vacuum 

conditions. The specific surface area was determined through the Barrett-Emmett-Teller (BET) 

method. Pore volume and pore size distribution were assessed using the Barrett-Joyner-Halanda 

(BJH) method, focusing on the adsorption branches of the isotherms. The total pore volume was 

approximated based on the adsorbed quantity at the maximum relative pressure [Roy et al., 

2024a]. 

g)Angle of repose of AgBG 

By using the funnel method, angle of repose was determined. In a funnel, the accurately 

weighted blend AgBG was taken. Through the funnel, the AgBG was allowed to flow freely on 

to the surface. Table shows the relationship between angle of repose and powder flow 
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[Lechmann et al., 1991]. The radius of the powder cone and angle of repose were calculated by 

using the following equation: 

                                                                 Tanθ= h / r 

Where, 'h' represents the height of the powder cone formed and ‘r’ is the radius of the powder 

cone formed [Singh et al., 2014]. 

Table 4.1. Correlation between angle of repose and type of flow of the particles 

Angle of repose Type of 

flow 

25 Excellent 

25-30 Good 

30-40 Passable 

>40 Very poor 

 

h) Mechanical property 

To evaluate the tensile strength of the ABGmnf woundcare matrix, the test was performed 

according to ASTM D 882-10 (2010). The sample (ABGmnf based woundcare matrix and PVP 

matrix, as control) dimension with 100 mm×25mm×1mm was placed in the machine [Tinius 

Olsen 5 ST UTM, Aimil Ltd.] and the given load was 25 N. From the results obtained, it is 

possible to determine the comparative tensile strength of the ABGmnf based woundcare matrix 

and the PVP matrix [Roy et al., 2024b]. 

i)Solubility assessment 

To conduct the water solubility assay according to OECD 105, we followed a stepwise procedure 

by adding increasing volumes of water at room temperature to ~ 0.1g of the sample in a 10 ml 

test tube. After each water addition, the mixture underwent a 10-min shaking period, and visually 

inspected for any residual undissolved parts of the sample [OECD 105]. 

In assessing the solubility of the ABGmnf based wound care matrix, a dissolution test was 

conducted using various polar solvents [5% HCl, 5% NaOH, 5% NaHCO3, Methyl ethyl ketone 
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(MEK)] and non-polar solvent, Hexane. The test was carried out at room temperature (37oC). 

The ABGmnf test sample was immersed in each selected solvent, followed by a 10-min shaking 

period. Any observable changes in appearance were noted and recorded over time. 

4.3.2.2. In vitro biological assessment 

a) In vitro cytotoxicity assay 

The cell cytotoxicity assessment using the MTT assay was conducted with NIH3T3 cells. This 

evaluation took place over a span of 24, 48, and 72 h of incubation with extracts from AgBG 

powder, and ABGmnf based wound care matrix. In summary, the culture media was substituted 

with 200 µl of MTT solution (1 mg/ml), and the cells were then incubated in darkness for 4 

hours at 37°C. This incubation led to the formation of formazan. Following this, 100 µl of 

dimethyl sulfoxide (DMSO) was introduced to dissolve the formazan after the removal of the 

MTT solution. Subsequently, the absorbance was measured at 595 nm using an ELISA reader. 

This absorbance reading is proportional to the number of viable cells. The MTT assay was 

performed in triplicate for each time point, and the statistical analysis was conducted with a 

significance level set at a value of P < 0.05 at 95% confidence intervals [Roy et al., 2023a]. 

b)Immunofluorescence staining  

The NIH3T3 cells were seeded in 24-well plates at a concentration of 10,000 cell/ml. For cellular 

proliferation visualization, the NIH3T3 cells were culture with the extract of ABGmnf 

woundcare matrix for 24, 48 and 72h. Then, the cells were treated with 4% paraformaldehyde to 

preserve the cellular structure and prevent protein degradation. For permeabilization of the 

particular immunofluorescence stains (DAPI and FITC), cell membranes may be permeabilized 

using 0.04% of Triton X-100 and incubated for 30 min at 370C. Then, buffers were removed and 

cells were washed twice with 1X PBS. After that, cell nuclei stained with DNA-specific dye, 

DAPI solution was added to the cells and kept for 5-10 min in shaking at 50 rpm. Then washed 

twice with 1X PBS. For, stain the cytoskeleton of the cells, cells were treated with FITC solution 

and kept for 45 mins in dark in shaking at 50 rpm. After incubation, cells were washed three 

times with 1X PBS for 30 S each wash. Cells must be covered with 1X PBS prior to view under 

microscope [Bisht et al., 2022].  
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c)2D in vitro wound scratch assay 

To assess the impact of the ABGmnf based woundcare matrix on the spreading and migration 

capabilities of NIH3T3 fibroblasts, a wound scratch assay was employed. Here's how it was 

carried out: 

a) Cell Seeding and Confluence: Initially, 3 × 104 cells per well were seeded into 12-well 

culture plates and allowed to grow until they reached about 95% confluence. 

b) Scratch Creation: A scratch was made on the cell monolayer using the sterile tip of a 

micropipette (100 µL). The area damaged by the scratch was then rinsed with phosphate-

buffered saline (PBS) to eliminate the detached cells. 

c) Addition of Extracts: To prepare the ABGmnf based wound care matrix extract, a known 

amount of the matrix was suspended in DMEM media at a concentration of 1 mg/ml for 

24 hours at 370C. The resulting homogeneous suspension was filtered and used as extract 

for the experiment. The extract (as the sample treated) was added to one set of the culture 

plates, while another set received regular cell media (DMEM only) without the ABGmnf 

based wound care matrix (as the control). 

d) Observation and Imaging: The migration behavior of the cells was observed and images 

were taken immediately after creating the scratch and up to 24 hours afterward. 

Microscopy equipped with a digital camera was used to capture these images. 

e) Quantification of Wound Healing: The % of wound healing was assessed using the NIH 

Image J software. The rate of wound healing on the 2D wounds was quantified using the 

equation (1) mentioned below: 

Rate of wound healing (%) = [(A0 - At) / A0] × 100% (Eq. 1) 

Where A0 represents the initial wound area, and At represents the wound area at time t [Roy et 

al., 2023a]. 

This approach allowed for the evaluation of how the ABGmnf based wound care matrix 

promoted the migration and healing capabilities of NIH3T3 fibroblasts in response to scratch-

induced wounds. 
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d) Antibacterial assay 

Matrix preparation: To prepare PVP matrix, approximately 3g of PVP powder was added into 

the ethanol and stirred for 2hours to make homogeneous solution and loaded onto 

electrospinning machine [E- SPIN NANOTECH, Super ES-1]. The parameters are: 

a. Distance between Spinneret to collector: 7-10cm 

b. Flow rate: 2-3 ml/h 

c. Applied voltage:10-13kV 

The as-spun fibres were collected on aluminum foil throughout the spinning and the fibres were 

collected from the foil. 

The ABGmnf based wound care matrix preparation has been described in experimental part A 

(4.3.1. to 4.3.4).  

A. Preparation of Disks: The PVP matrix and ABGmnf based wound care matrix were cut 

into disk shapes with a diameter of 6 mm. These disks would be used for testing the 

antibacterial properties of the materials. 

B. Testing Procedure: The testing procedure followed the guidelines outlined in the CLSI 

M02-A12 standard from 2015 [M02-A12, 2015], which is a recognized protocol for 

determining antimicrobial susceptibility. This standard provides a set of guidelines and 

recommendations for conducting antimicrobial susceptibility testing. 

C. Streak Plate Method: 

A petri plate was held at a 60º angle. A loop containing a bacterial inoculum (a sample of 

the bacteria to be tested) was placed at one end of the plate. The loop was used to streak 

the inoculum in a zigzag pattern across the surface of the agar in the petri plate. This 

process helps evenly distribute the bacteria on the agar surface. 

D. Incubation: The petri plate with the streaked bacteria was placed in an incubator at a 

temperature of 37ºC for 10-15 min. This step allows the bacteria to attach and start 

growing on the agar surface. 

E. Disk Placement: After the incubation period, the prepared PVP and ABGmnf based 

woundcare matrix disks were placed onto the surface of the agar plate. These disks likely 

contain extracts of the respective materials [Roy et al., 2024b]. 

F. Incubation for Zone of Inhibition (ZOI): The agar plates, now containing the disks, 

were incubated again for a longer period (24 hours) at 37ºC. During this time, if the 
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materials have antibacterial properties, they will inhibit the growth of bacteria around the 

disks. 

G. Measurement of Zone of Inhibition (ZOI): After the incubation period, the plates were 

examined. The areas around the disks where bacterial growth was inhibited were 

measured. This area is called the Zone of Inhibition (ZOI). A larger ZOI indicates 

stronger antibacterial activity of the tested materials. 

e)Assessing the antibacterial efficacy through the determination of the minimum inhibitory 

concentration (MIC) 

The bacterial strains were incubated overnight at 37°C in Luria broth (LB), an appropriate 

growth medium. The bacterial concentration was adjusted to 1.5 × 108 CFU/ml using a 0.5 

McFarland Standard. A 96-well plate was used for the MIC determination as follows [Wayne et 

al., 2018]: 

• 50 µl of Luria broth (LB) was added to wells in columns 2-11. 

• In column 12, 100 µl of LB was added. 

• In column 1, 100 µl of ABGmnf based wound care matrix extract was added. To prepare 

the extract, a known amount of ABGmnf based wound care matrix was suspended in LB 

at a concentration of 1 mg/ml for 24 hours under mild rotation (100-150 rpm, overnight). 

The resulting homogeneous suspension was filtered, and used as extract. 

• A 2-fold serial dilution was conducted by transferring 50 µl from each well in column 1 

to the subsequent wells in column 2. This mixing was achieved by pipetting up and down 

four times. 

• This serial dilution procedure was repeated until column 10, after which the solution in 

column 11 was discarded. 

• Then, 50 µl of the bacterial suspension was added to each well in columns 1-11. 

• The plates were covered with a film and incubated at 37°C for 16-24 hours. 

• The bacterial growth was assessed by measuring the optical density (OD) at 450 nm. 

• The identical experimental procedure was conducted using both the gram-negative strain 

Pseudomonas and the gram-positive strains Streptococcus pneumoniae and 
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Staphylococcus aureus. The antibiotic Gentamicin was employed as a standard, and the 

corresponding MIC values for the aforementioned bacterial strains were established. 

4.3.2.3. Unveiling the Dynamics: In Vivo Explorations for Comprehensive Insights 

The animal study followed the OECD guidelines [OECD-402, 2017] at West Bengal University 

of Animal and Fishery Sciences (WBUAFS, Kolkata). Wistar rats were kept in cages under 

standard environmental conditions with a consistent temperature (25°C ± 3°C) and received 

regular provisions of standard diet and water. 

a)Assessment of in vivo biocompatibility and host immunogenic response 

All animal experiments were performed in compliance with OECD guidelines (OECD-402) at 

the West Bengal University of Animal and Fishery Sciences (WBUAFS, Kolkata) [OECD-402, 

2017]. Six Wistar rats were housed in cages under standard environmental conditions, with a 

constant temperature maintained at 25°C ± 30°C. The rats were fed a standard diet, and water 

was provided daily. 

For the biocompatibility assessment, an intracutaneous reactivity study was conducted following 

ISO-10993-10 guidelines [2010]. Rats were intradermally injected with ABGmnf based wound 

care matrix extracts, and the injection sites were observed over time, with edema (swelling) and 

erythema (redness) being scored. To prepare the ABGmnf based wound care matrix extract, a 

known amount of the matrix was suspended in DI water at a concentration of 1 mg/ml for 24 

hours under mild rotation (100-150 rpm, overnight). The resulting homogeneous suspension was 

filtered, and intradermal injections were administered to three experimental Wistar rats, followed 

by the biocompatibility study as described above. 

To evaluate the host immunogenic response, levels of pro-inflammatory cytokines like 

Interleukin-6 (IL-6) and Tumor Necrosis Factor-α (TNF-α) were assessed using ELISA Kits. 

Skin extracts were collected from the intradermal injection site, and the levels of IL-6 and TNF-α 

were determined following the manufacturer's guidelines (ImmunoTag). 

b)Toxicity evaluation through hemogram analysis and histological examinations of 

leachable components of ABGmnf based wound care matrix 
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In this experiment, the ABGmnf based wound care matrix sample, prepared beforehand, was 

utilized. It was mixed with an appropriate vehicle to ensure adequate moisture and applied to the 

wound site for a duration of 4 hours. The experimental animals were separated into two groups, 

each consisting of 6 rats (with a 1:1 ratio of male to female). Wounds were created using the 

punch biopsy method, and the initial Ca2+ ion levels in the blood were determined using standard 

techniques, alongside the analysis of biochemical and hematological parameters, serving as the 

baseline at 0 hours. Subsequently, the matrix sample, prepared as mentioned, mixed with a 

suitable vehicle for improved absorption at the wound site, was applied and covered with 

transparent cellophane. After 4 hours, blood was collected from the wound site, and any 

remaining of the matrix was washed out for analysis of Ca2+ ion content. The concentration of 

leached Ca2+ ions in the composition was determined by subtracting this value from the initial 

Ca2+ ion concentration (at 0 hours), marking the end of the 4-hour observation period. Following 

this observation period, the animals were euthanized, and their vital organs, including the lungs, 

liver, kidneys, heart, and skin, were examined histopathologically [Banerjee et al., 2013]. 

c)Experimental design for single-dose dermal in vivo pharmacokinetic study of ABGmnf 

based wound care matrix 

The in vivo dermal pharmacokinetic study of ABGmnf based wound care matrix was carried out 

in Wistar rats, which were divided into two groups: a control group receiving no treatment and 

an experimental group treated with ABGmnf on dermal defects created by Punch biopsy. Each 

group consisted of three rats. The experimental rats, following an overnight fast, were 

administered 12.5 mg of ABGmnf based wound care matrix dermally. Blood samples were 

collected at various time points (0h, 2h, 4h, 6h, 24h, 48h, 72h, 7th day, and 10th day post-

administration) from the lateral tail-vein of mildly anesthetized rats into heparinized centrifuge 

tubes. Serum was separated by centrifugation at 4000g for 10 min at 4°C and stored at -80°C for 

further analysis [Majumdar et al., 2024; Prajapati et al., 2021]. 

Pharmacokinetic parameters such as the maximum serum concentration of Ca2+ (Cmax) and the 

time taken to reach Cmax (Tmax) of ABGmnf based wound care matrix were determined from the 

serum concentration-time curve (AUC) using atomic absorption spectroscopy (AAS) with a 

Varian AA 240 Atomic Absorption Spectrophotometer. All pharmacokinetic parameters are 

reported as mean ± standard deviation (SD). 
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d)Experimental design for in vivo biodistribution study after single-dose dermal 

administration of ABGmnf based wound care matrix 

To investigate the distribution of calcium ions released from ABGmnf based wound care matrix 

following dermal administration, rats were randomly assigned to two groups, mirroring the setup 

of the pharmacokinetics study. Each group received a single dermal dose of 12.5 mg ABGmnf 

based wound care matrix, consistent with the previous study. Subsequently, at specific time 

intervals (24h, 48h, 72h, and 7 days, post-administration), rats from each group were 

anesthetized, euthanized, and their vital organs (liver, spleen, kidney, heart, lung, and skin) were 

collected for analysis of calcium concentration [Majumdar et al., 2024]. The analysis of ionized 

calcium was done by using sophisticated technique like atomic absorption Spectroscopy (AAS) 

[Varian AA 240 Atomic Absorption Spectrophotometer]. After 7 days, the animals were 

sacrificed humanely using excess dose of Xylazine (5mg/kg BW) and ketamine (40 mg/kg BW) 

combination and final collection of blood sample was done through cardiac puncture. Followed 

by that, vital organs like liver, spleen, kidney, heart, lung and skin were collected and estimation 

of ionic Ca2+ was done. 

e)In vivo wound healing assay 

Each animal underwent a shaving of the back and anesthesia via intraperitoneal injection of 1% 

pentobarbital sodium (30 mg/kg). Under sterile conditions, a full-thickness skin defect of 1 cm2 

was created on the rat's back using a custom-made stainless steel circular skin punch. In the 

experimental group (n=3/sex/group), the full-thickness skin wounds were treated with a single 

daily application of 12.5 mg dosage of ABGmnf based wound care matrix per animal. The 

positive control group received daily application of the commercially available Betadine onto the 

wound site, while the negative control group left the wound site untreated throughout the study, 

with all groups having dressings applied. 
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Fig. 4.2. The performance of the wound creation on the animal model and the application of the 

ABGmnf based wound care matrix for the wound healing experiment. 

Photographs of all wound groups were taken on days 0, 7, and 14 using a digital camera, and a 

gross clinical scoring and assessment were conducted. Additionally, the reduction in wound area 

was measured at the same time intervals using ImageJ software. The percentage of wound area 

reduction was calculated using the formula [Dong et al., 2017]:  

Wound healing rate = [(A0 - At) × 100]/A0 

Where, A0 is the initial wound surface area and At is the wound surface area after time t. 

On the 15th day, the animals were sacrificed, and histological evaluations of various organs 

(skin, heart, liver, lung, kidney, and spleen) were performed. The organs were fixed in 4% 

paraformaldehyde for 24 h, embedded in paraffin, and cut into 5 µm sections using a rotary 
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microtome (RM2016, Leica, Germany). The sections were deparaffinized, rehydrated, and 

stained with hematoxylin-eosin (H & E). Histological images were captured using a MOTIC 

A31e microscope. 

f)Statistical evaluation 

The information is shown as the average value plus or minus the standard deviation, derived 

from one of three representative experiments, each conducted in triplicate. Statistical 

significance was determined at a p-value less than 0.05, with a confidence interval of 95%. 

 

Footnote: This work has been filed for an Indian patent. 

‘Antibacterial bioactive glass micronanofibre composition and process for preparation 

thereof’, J. Chakraborty, S. Saha, P. Roy, R. Saha,  App. No. 202111046618, INDIA, Filed, 

published on 14.04.23 [CSIR] 
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4.4. Experimental: Part B 

4.4.1. Synthesis of Al-BAG/Al-BAG 

The bioactive glass composition, denoted as Al-BAG, follows the formulation of 70 mol% SiO2, 

(30-x-y) mol% CaO, x mol% Al2O3, and y mol% ZnO, where x ranges from 10 to 18 mole% and 

y ranges from 0 to 8 mole%. The synthesis of this bioactive glass was carried out through the 

sol-gel method. 

For hydrolysis, the precursor sol was prepared by sequentially adding tetraethyl orthosilicate (as 

a source of SiO2), calcium nitrate (Ca(NO3)2·4H2O, as a source of CaO), aluminum nitrate 

(Al(NO3)3·9H2O), and zinc nitrate hexahydrate (Zn(NO3)2·6H2O; as a source of ZnO) into 1N 

HCl. The mixture was continuously stirred until a clear solution was achieved. After proper 

dissolution of each salt, the next salt was added. The final sol was then incubated at 60°C. 

Following gel formation, the bioactive glass was obtained through heat treatment at 650°C. 

 

 

 

 

 

 

 

Fig. 4.3. Schematic representation of the synthesis of Al-BAG 

4.4.2. Characterization of Al-BAG 

4.4.2.1. In vitro material characterizations 

a) XRD 
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The Al-BAG powder underwent characterization to analyze its distinctive crystalline phases 

through powder X-ray diffraction (XRD). The X-ray diffraction patterns were acquired using a 

CuKα radiation source on an X’Pert Pro MPD diffractometer (Panalytical, Almelo, Netherlands). 

The scanning of the Al-BAG sample was performed over a 2θ range of 15° to 80° with a step 

size of 0.03°. 

b)FTIR 

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of Al-BAG were captured 

employing the KBr pellet method with a sample to KBr ratio of 1:100. The analysis was 

conducted on a Spectrum 100 FT-IR spectrometer (PerkinElmer) with a resolution of 4 cm⁻¹, an 

average of 50 scans, and a wavelength range from 4000 to 400 cm⁻¹. 

c)TG-DSC 

Thermal analysis, specifically Thermogravimetry and Differential Scanning Calorimetry 

(TG/DSC), was executed utilizing a NETZSCH STA 409 CD thermal analyzer. The analysis 

took place in an air atmosphere, and the temperature was gradually increased at a rate of 10°C 

per minute, reaching up to 1000 °C. This approach allowed for a comprehensive examination of 

the material's thermal behavior, providing insights into its weight loss and heat flow 

characteristics under controlled heating conditions. 

d)BET 

N2 adsorption-desorption isotherms were produced at 77 K utilizing a Nova Station A instrument 

to evaluate the textural properties of the bioactive glass Al-BAG. The surface area was 

calculated employing the Brunauer-Emmett-Teller (BET) method, and the analysis of pore size 

distribution was conducted using the Barret-Joyner-Halenda method (BJH). 

e)Particle size analysis 

The determination of the particle size of Al-BAG involved the application of laser Doppler 

electrophoresis, a technique that measures the electrophoretic mobility of particles in a 

suspension. This analysis was conducted utilizing the Zetasizer Nano ZS instrument 

manufactured by Malvern Instruments Ltd, based in England. The instrument provides precise 
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measurements of particle size distribution in the given material, offering valuable insights into 

the characteristics of Al-BAG at the particulate level. 

f)SEM-EDX 

The examination of surface morphology was conducted using a Pro-X Scanning Electron 

Microscope (SEM) at 15kV. An energy-dispersive X-ray analyzer, coupled with Phenom World 

software, was integrated with the SEM to facilitate elemental identification and offer quantitative 

compositional details of the Al-BAG. Prior to imaging, the samples underwent sputter coating 

with gold, ensuring a maximum coating thickness of 12 nm. 

g) In vitro ion release and degradation 

Known quantity of Al-BAG was suspended in two different pH solutions, pH 7.4 and 5.2, 

mimicking the pH of the plasma and wound area, as per USP NF-2010 protocol, using USP type 

II apparatus (Electrolab TDT-08L dissolution tester) at 370C with continuous shaking at 120 rpm 

[Kaur et al., 2019]. Aliquots were collected at specific time intervals, i.e., 0, 4, 8, 12, 16 and 24 

hr. throughout the study and the solution was replenished every time with the same volume of 

the pH solutions. The collected solutions were filtered and the concentration of the leached Ca2+, 

Al3+ and Zn2+ ions was estimated by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES). 

The degradation properties were evaluated at 370C at two different pH, pH 7.4 and pH 5.2. The 

samples were immersed in 15 ml falcon tubes containing 10ml of the pH solutions following 

incubation upto 14 days. At specific time intervals, the samples were separated from the solution 

and washed with acetone followed by drying in an oven at 600C. For quantifying the weight loss 

(%), the following equation was used: 

Weight loss (%) = [(W0 – Wt)/ W0]  100              

Where, W0 is the initial weight of the sample and Wt is the weight after immersion in the pH 

solutions [Pourshahrestani et al., 2016]. 

4.4.2.2. In vitro biological assays 

a) In vitro cytotoxicity assay 
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Al-BAG samples underwent a 20-minute UV light sterilization, followed by soaking in a known 

volume of DMEM and 24-hour incubation at 37°C. Subsequently, the leached solution 

underwent filtration using a 0.22μm membrane filter, and the resulting extract, containing culture 

media, was utilized for a cytotoxicity experiment. NIH3T3 cells were seeded in a 96-well tissue 

culture plate, incubated for 24 hours at 37°C in a 5% CO2 incubator. After removing the culture 

medium, 100 μL of the extract media was added, with DMEM medium serving as the control. 

Following incubation for 24, 48, and 72 hours, the MTT assay was conducted using 10 mL of 

standard MTT reagent at 1 mg mL−1 (Sigma-Aldrich) in a 1:9 ratio (MTT:DMEM) across all 

wells. Incubation in the dark for 4 hours at 37°C was followed by obsoleting the reaction with 

100 µL dimethyl sulfoxide after removing MTT and DMEM medium. The absorbance at 570 nm 

was measured in an ELISA reader (Bio-Rad), and corresponding cell viability was calculated. 

This cell viability assay, repeated three times at each time point, underwent statistical analysis 

with a significance level of P < 0.05 at 95% confidence intervals [Saha et al., 2020]. 

b)Immunofluorescence staining  

The NIH3T3 cells were seeded in 24-well plates at a concentration of 10,000 cells/ml. For 

cellular proliferation visualization, the NIH3T3 cells were culture with the extract of Al-BAG for 

24, 48 and 72h. Then, the cells were treated with 4% paraformaldehyde to preserve the cellular 

structure and prevent protein degradation. For permeabilization of the particular 

immunofluorescence stains (DAPI and FITC), cell membranes may be permeabilized using 

0.04% of Triton X-100 and incubated for 30 min at 370C. Then, buffers were removed and cells 

were washed twice with 1X PBS. After that, cell nuclei stained with DNA-specific dye, DAPI 

solution was added to the cells and kept for 5-10 min in shaking at 50 rpm. Then washed twice 

with 1X PBS. For, stain the cytoskeleton of the cells, cells were treated with FITC solution and 

kept for 45 mins in dark in shaking at 50 rpm. After incubation, cells were washed three times 

with 1X PBS for 30 S each wash. Cells must be covered with 1X PBS prior to view under 

microscope. 

c) In vitro antibacterial activity 

The test sample underwent moist heat sterilization for 20 minutes at 121°C and 15 psi pressure. 

The Al-BAG sample was placed in 1ml of normal saline. For the experimental group, the sample 
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was immersed in normal saline medium inoculated with S. aureus and incubated in a shaker 

incubator at 37°C for 1-8 hours, with a final titer matching the 0.5 McFarland standards at 

1.5×108 CFU/ml (Fig.). A 100µl bacterial suspension with the sample was plated on a nutrient 

agar plate and incubated at 37°C for 48 hours for colony formation. The reduction ratio of the 

bacteria was assessed using the equation (Eq. 2): 

                                                R (%) = [(A-B)/A] 100 %                 

Where R is the percentage reduction ratio, A is the number of bacterial colonies from the 

untreated bacteria suspension (without testing materials), and B is the number of bacterial 

colonies from the bacteria culture treated by Al-BAG [Turlybekuly et al., 2019]. 

d) Hemocompatibility assay 

A 2ml citrated (sodium citrate, 3.2% w/v) blood sample was mixed with 5ml dH2O to form a line 

of best fit. After 60 minutes of incubation at 37°C, the blood was centrifuged at 2500 G for 10 

minutes, and the collected supernatant containing plasma was used. Dilutions of 100%, 50%, 

25%, 10%, and 1% were prepared to establish a line of best fit. For the experiment, 500μL of 

blood was combined with microcentrifuge tubes containing 2.5 mg sample (n= 3 to 5) at a 

concentration of 5mg/ml, following the ISO 10993-4 standard protocol. The mixture was 

incubated at 37°C for 60 minutes and then centrifuged at 2500 G for 10 minutes. In the control 

group, 500μL of blood was incubated and centrifuged similarly. Supernatants from both blood-

only and sample-treated blood were collected. A mix of 100μL supernatant and 900μL PBS was 

prepared, and 200μL of the solution was placed in a 96-well plate for absorbance measurement at 

540 nm. PBS served as the background or 'negative control,' and a 'no treatment' group acted as a 

control. Haemolysis percentage was calculated using below mentioned eqution [Nagrath et al., 

2021]: 

Hemolysis (%) = (Sample absorbance-negative control)/(positive control-negative control) 100                  

The absorbance values were correlated with the line of best fit to obtain haemolysis percentage 

values, and average values are reported with standard error of the mean. 

e) In vitro blood absorption efficiency 
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The blood absorption capacity of Al-BAG was assessed by placing 500μL of citrated whole 

blood in tissue culture plates. Pre-weighed dry pellets (Pdry) were immersed in the blood for 

adequate absorption. The sealed plates were then incubated at 37°C for an hour. After 

incubation, the wet pellets (Pwet) were extracted from the blood, and any excess moisture and 

freely drained blood on the pellet surface were gently wiped with absorbent paper. To determine 

the absorption capacity of the bioactive glass, the pellets were weighed before (Pdry) and after 

immersion (Pwet) in blood. The blood absorption efficiency was calculated using the equation 

below [Dai et al., 2009; Pourshahrestani et al., 2016]: 

Blood absorption efficiency (%)=[(Pwet – Pdry)/Pdry] 

f) In vitro thrombus formation 

A pre-weighed amount of Al-BAG (50 mg) was placed in a 24-well plate and incubated at 37°C 

for 10 minutes. Subsequently, a citrated blood sample (500 µL) was added and incubated for two 

different durations, 15 minutes and 45 minutes. To halt the thrombus formation cascade without 

disturbing the blood clot, double distilled water was added dropwise. A 4% paraformaldehyde 

solution was introduced to fix the formed thrombus for 10 minutes, and the clot was dried at 

40°C overnight. The final weight was then measured again [Pourshahrestani et al., 2016]. The 

quantitative value was calculated using below mentioned equation [Pourshahrestani et al., 2016]: 

Degree of thrombogenicity (%) = [(Pt-P0)/P0]          

g) Exploring In Vitro Blood Plasma Coagulation: Insights from Prothrombin Time (PT) 

and Activated Partial Thromboplastin Time (aPTT) Assays 

To assess the coagulation effects of the sample, prothrombin time (PT) and activated partial 

thromboplastin time (aPTT) tests were conducted at two different concentrations (1 mg and 3 

mg) following clinical standard protocols. A semi-automatic coagulation analyzer 

(BIOMERIEUX, France) was used for the analysis. Blood samples were collected and mixed 

with one-tenth volume of 3.2% sodium citrate. Platelet poor plasma (PPP) was obtained by 

centrifugation at 2500G for 15 minutes at 37°C for both PT and aPTT assays [Pourshahrestani et 

al., 2016; Nagrath et al., 2021]. 
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For the PT test, 50µl of citrated plasma, 100 µl of PT reagent, and the filtered sample extract 

were separately incubated at 37°C for 2 minutes. PT reagent and the sample were then added to 

the plasma in the test tube, followed by the measurement of PT. 

In the aPTT test, citrated plasma was combined with the aPTT reagent (50 µl: 50 µl). After a 2-

minute incubation at 37°C, 50 µl of 0.025 mol/L CaCl2 and the sample extract were 

simultaneously added to the test tube, and aPTT was measured. 

h) In vitro thrombin generation 

It's possible that the human thrombin and antithrombin complex (TAT) indicates that thrombin 

has been neutralized and that it has formed over time. Al-BAG pallet and surgical cotton gauze 

were utilized as a control, incubated with 1 ml of EDTA-blood for 30 mins at 37°C. To prevent 

the formation of thrombin-antithrombin complexes, a solution of sodium citrate in the amount of 

20 ml was added. An ELISA kit (ImmunoTag, Cat: ITLK01049) was utilized to measure the 

TAT levels in the blood [Diquelou et al., 1994; Chen et al., 2021]. 

i) Blood clot formation 

Blood samples were obtained from a healthy human volunteer, and an anticoagulant, EDTA was 

introduces into the blood to prevent the clotting during collection. The collected blood was then 

subjected to centrifugation at 2500 G for duration of 10 mins at 37°C, which effectively 

separated the plasma. In the experimental group, a concentration of 5 mg/ml of Al-BAG in a 

pellet form was used and applied to the blood to induce clot formation. The control group, on the 

other hand, employed surgical cotton gauze. The process of clot formation was meticulously 

observed over time after both Al-BAG and surgical cotton gauze came into contact with the 

blood, and the clotting time was recorded. For scanning electron microscope (SEM) studies, the 

samples were initially fixed in 3.7% paraformaldehyde and then underwent a dehydration 

process. Subsequently, the samples were dried and coated with gold before SEM analysis 

[PHENOM Pro- X] [Ong et al., 2008]. 

j) In vitro assessment of platelet adhesion 

To assess platelet adhesion, a lactate dehydrogenase (LDH) assay was employed. Human blood 

samples were freshly collected from volunteers and anticoagulated with 3.2% sodium citrate. 
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After that, the citrated blood samples underwent centrifugation at 1500 rpm for 10 mins to 

eliminate white blood cells and red blood cells. This process produced platelet-rich plasma 

(PRP), which was further centrifuged at 3000 rpm for 10 min, resulting in a platelet pellet and 

platelet-poor plasma as the supernatant. The platelet pellet was resuspended in PBS to achieve a 

concentration of 4 × 108 platelets/ ml. Al-BAG was exposed to the platelets and incubated at 

37oC for three different durations (15, 30, and 60 min). At the end of each time interval, the 

samples were removed and rinsed 10 times in PBS to eliminate non-adherent platelets. 

Subsequently, the samples were immersed in PBS containing 1% Triton X-100 for 1 h at 37oC to 

lyse the adherent platelets. The number of platelets adhering to the surface matrix was quantified 

using an LDH assay kit. A platelet calibration curve was established by performing serial 

dilutions of a known number of platelets and measuring the optical density (OD) at 450 nm with 

a BioRad microplate reader. Each measurement was conducted at least three times. Following 

the assessment of platelet adhesion, the interaction between platelets and Al-BAG was observed 

using scanning electron microscopy (SEM). To prepare the samples for SEM studies, they were 

first fixed in 3.7% paraformaldehyde and then dehydrated through a series of ascending ethanol 

concentrations up to 100% [Pourshahrestani et al., 2016]. Finally, the samples were dried and 

coated with gold via sputter coating [Pourshahrestani et al., 2016]. 

k) In vitro red blood cell adhesion 

After the fresh blood with leached extract of Al-BAG solidified, they were washed several times 

with PBS. Then, the blood clot was fixed with 4% paraformaldehyde and maintained for 3h. 

After washing several times with PBS to remove excess paraformaldehyde, the clot was 

immediately dehydrated with 20%, 40%, 60%, 80% and 100% ethanol/water solution. The red 

blood cell adhesion in vitro was observed by SEM after natural drying. 

l) Whole blood clotting and determination of blood clotting index (BCI) 

The blood clot indexing (BCI) protocol proposed by Shih et al. has been changed slightly for the 

current research purpose [Chen et al., 2021]. Anticoagulate containing whole blood (0.2 ml) was 

distributed to the Al-BAG and surgical cotton gauze, 20 µL of 0.25 M CaCl2 solution was added 

to initiate coagulation, and the samples were incubated at 37oC with shaking at 100 rpm. The 

surgical cotton gauze (the "control") and the Al-BAG were placed into tubes and kept at 37oC. 
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After 10 mins of osmotic lysis of RBCs that were not attached to the clot, a BioRad Microplate 

Reader was used to measure the optical density (OD) at 540 nm. The BCI was measured using 

the formula [Ong et al., 2008]: 

BCI=100× (Absorbance of Al-BAG/ Absorbance of control) 

4.4.2.3. Unveiling In Vivo Realms: Exploring the Biological Landscape through In Vivo 

Studies 

a) Assessing Acute Dermal Toxicity in Albino Rats: A comprehensive investigation into the 

effects of topically applied test material, Al-BAG 

Eight albino rats were randomly assigned to five groups, each comprising two animals. Group 1, 

2, and 3 received dermal applications of the test material at doses of 500 mg/kg, 167 mg/kg 

(1/3rd of the highest dose), and 100 mg/kg (1/5th of the highest dose) body weight, respectively. 

Petroleum jelly served as the vehicle for the test material, and Group 4 animals received only 

petroleum jelly topically at 50 mg. Group 5 animals did not undergo any treatment. A designated 

area on the back of the animals was shaved for test material application. Body weight was 

measured before applying the test material and daily in the morning for 14 days. Daily quantities 

of feed and water were provided, and any leftovers were recorded the next day [Jones et al, 

2012]. 

Histological examinations were conducted on day 15, where animals were euthanized, and tissue 

samples from the liver, kidney, heart, lungs, and skin were collected post-treatment. The samples 

were fixed in paraformaldehyde, embedded in paraffin, and cut into 5 μm sections. Hematoxylin-

eosin dyes (H&E) were used for staining, following the deparaffinization, rehydration, and 

washing with dH2O water of paraffin-embedded sections. 

b)Evaluating the in vivo hemostatic effectiveness of Al-BAG at varied doses in wistar rats 

under profuse bleeding conditions 

The in vivo hemostatic efficacy of Al-BAG at different doses was investigated using femoral 

artery bleeding scenarios in 7-8-week-old Wistar rats [Hu et al., 2012]. Prior to the experiment, 

the Al-BAG powder sample was dried at 150-200°C in a vacuum for 4-5 hours and sterilized 
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through UV irradiation. Wistar rats were anesthetized via intravenous injection with a 

combination of ketamine and xylazine (40mg/kg BW + 5 mg/kg BW). 

During the experiment, the animals were positioned on their backs to expose the groin area, with 

hind limbs extended. The thigh, including skin, soft tissues, and overlying muscles, was 

transected with a scalpel to expose the femoral artery and vein. The same vessels were punctured 

using a 24-gauze needle to induce uncontrolled hemorrhage. Subsequently, various doses of Al-

BAG were applied to the injury site. Manual compression with pre-weighed gauze pieces was 

employed at the wound site to collect the blood lost during the procedure. The time taken for 

bleeding to cease and the mass of blood loss were observed. These observations were then 

compared to the control group, which received no test sample (only gauze was used) [Hu et al., 

2012; Sundaram et al., 2019]. 

Statistical evaluation 

The information is shown as the average value plus or minus the standard deviation, derived 

from one of three representative experiments, each conducted in triplicate. Statistical 

significance was determined at a p-value less than 0.05, with a confidence interval of 95%. 

Footnote: This work has been filed for an Indian patent. 

‘A bioactive glass composition and a process thereof’, J.Chakraborty, P.Srivastava, P. Roy, 

S. Saha and R. Saha, App. No.202211057220, INDIA, Filed, published on 04.08.23 [DRDO] 
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Chapter 5: Results and Discussions 
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5.1. Results and Discussion: Part A 

5.1.1. Results 

5.1.1.1. Results related to AgBG powder 

a) XRD 

The X-ray diffraction (XRD) pattern of AgBG displays a broad peak at 2θ = 24°, indicating the      

presence of Si-O-Si linkages in the glass composition, indicative of the amorphous nature of the 

sample. Our experimental procedure successfully synthesized AgBG [Fig. 5.1(a)] [Roy et al., 

2023a].  

b)FTIR 

Fig. 5.1(b) represents FTIR spectrum of as-prepared AgBG. The three absorption bands at 1090 cm-

1 matched to the asymmetric stretching vibration of Si-O bonds in (1NBOS) tetrahedral network, 

793cm-1 and 475 cm-1 matched to the symmetric stretching and bending vibration of the Si-O-Si of 

the silica network, respectively [Zhong et al., 2014]. The vibrational band at 666 cm−1 match to the 

bending of the bridging oxygen (B-O) between trigonal BO3 groups of the silica network, 

suggesting the presence of Si-O-B [Rao et al., 2013], although the intensity of the band is too low 

that corresponds to the presence of very less amount of B2O3 in the present composition. The band 

at about 1398 cm−1 with low intensity is attributed to the relaxation of symmetric stretching of the 

B-O band of the trigonal BO3 [Moskalewicz et al., 2010]. The vibration at 1636 cm-1 is related to 

the bending vibration of the captivated H2O molecules and 3453 cm-1 related to the stretching 

vibration of hydroxyl group (O-H) [Shao et al., 2015; Roy et al., 2023a]. 

 

 

 

 

 

 

[A] 
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Fig. 5.1. [A] XRD pattern of the as-prepared ABGmnf based wound care matrix. 

[B] FTIR spectra of the ABGmnf based wound care matrix showing characteristic vibrations 

consigned to silicate structural groups and associated with Si-O-B, B-O bonds. [‘ν’ and ‘δ’ 

denotes stretching and bending vibrations, respectively] [Roy et al., 2023a]. 

c) Differential scanning calorimetry and thermogravimetry analysis (TG-DSC) 

TG-DSC was used to study the thermal behavior of the synthesized glass powder. The result is 

shown in fig. Analysis by TG indicates that the mass of the glass powder gradually decreases at 

temperature 4000C and the total mass loss is ~ only 2.5%. Based on the DSC curve, a small kink 

in the endothermic direction is observed at 400◦C and 6500C, as well as major peaks at 8000C 

and 8900C. The small kinks at 400◦C indicate the glass transition temperature (TG) and after 

6500C the glass started towards crystallization and the other peaks are attributed to the 

crystallization and transformation of the crystal structure [Fig. 5.2(a)]. Based on this result, the 

heat treatment of the glass powder was performed in 650◦C [Roy et al., 2023a]. 

  

 

Fig. 5.2. (a) TG-DSC curve of AgBG glass powder, calcined at 6500C. 

(b) FESEM image of AgBG glass  powder. 

d) FESEM 

(a) (b) 



99 | P a g e  
 

The microstructure of the powders was examined by FESEM, Fig. .A distribution of nano-sized 

particles with large agglomerates was observed for the AgBG powder. The nanometric AgBG 

particles had irregular shapes with particle sizes of 60-100 nm [5.2 (b)]. 

e) BET  

The graph illustrates the N2 adsorption-absorption isotherm and the corresponding pore size 

distribution for AgBG. According to the figure, AgBG displayed a type IV isotherm 

accompanied by a type H1 hysteresis loop. The specific surface area of AgBG was determined to 

be 78.314 m2/g, and the average pore size measured 8.984 nm [Fig. 5.3 (a,b)] [Roy et al., 2024b]. 

f) Zeta potential measurement of AgBG 

The zeta potential of AgBG was calculated -15.3 mV at pH 7.4 [Fig. 5.3(c)]. 

 

 

(a) (b) 
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Fig. 5.3. (a) Nitrogen adsorption/desorption isotherm for AgBG, (b) BJH for AgBG, and (c) Zeta 

potential measurement for AgBG. 

g) Angle of repose of AgBG 

The calculated angle of repose of the AgBG powder was 26(±1) and the result indicated the good 

flowability of the AgBG [Fig. 5.4] [Singh et al., 2014]. 

 

 

Fig. 5.4. shows angle of repose of AgBG. 

5.1.1.2. Results related to ABGmnf based wound care matrix 

a) XRD of PVP and ABGmnf based wound care matrix 

The X-ray diffraction (XRD) analysis of pure polyvinylpyrrolidone (PVP) revealed two distinct 

broad peaks at 2θ angles of 11.25o and 21.21o, aligning well with the findings of Li et al. In the 

(c) 
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case of the ABGmnf based wound care matrix, the XRD pattern exhibited peaks at 2θ angles of 

10.77o and 22.61o, indicative of an amorphous structure characteristic of silicate glass [Fig. 5.5] 

[Chen et al., 2018]. This observation may be attributed to the low concentration of AgNO3 used 

in the composition preparation. It is important to note that the incorporation of AgBG into the 

PVP wound care matrix led to a reduction in peak intensity, resulting in a noisy XRD pattern 

where small peaks may not be clearly visible [El Hotaby et al., 2017]. 

 

 

    

 

 

 

 

Fig. 5.5. [A] XRD pattern of the PVP matrix  

[B] XRD pattern of the as-prepared ABGmnf woundcare matrix. 

 

b)FTIR 

The FTIR spectra depicted in the fig. 5.6(a) illustrate the characteristics of PVP and the ABGmnf 

based wound care matrix. In both spectra, a broad band at 3441 cm-1 is evident, signifying the 

OH stretching vibration. Additionally, a weak peak around 2893 cm-1 corresponds to the 

stretching vibration of –CH2, while a distinct and strong peak at 1663 cm-1 is attributed to the 

C=O stretching vibration. The medium peak at 1439 cm-1 is associated with the scissoring 

vibration of the CH2 group, and the C-N stretching is observed at 1290 cm-1 [Hoppe et al., 2013]. 

When comparing the PVP spectrum with that of the ABGmnf based wound care matrix, the latter 

exhibits an absorption peak at 470 cm-1, indicating the Si-O-Si stretching mode [Hoppe et al., 

2013]. Symmetrical stretching vibrations of the Si-O(Si) bridge are responsible for the bands at 

[A] [B] 
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760-780 cm-1. Additionally, absorption bands in the range of 1150-1300 cm-1 are linked to the B-

O stretching of trigonal BO3 units [Yao et al., 2007; Liu et al., 2013]. 

 

 

 

 

 

 

 

 

Fig. 5.6. (a) FTIR spectra of the PVP matrix and ABGmnf based wound care matrix heat treated 

at 600oC showing characteristic vibrations consigned to silicate structural groups and associated 

with Si-O-B, B-O bonds and PVP related groups. 

(b) TG-DSC plot of as-prepared ABGmnf based wound care matrix [AgBG was calcined at 

600oC]. 

c) TG-DSC 

The TG-DSC analysis results of the ABGmnf based wound care matrix are presented in Fig. 

5.6(b). The TG curve displays four distinct phases of weight reduction: a 22% decrease as the 

temperature rose from room temperature to 310°C, a significant 45% loss from 310°C to 420°C, 

another 13% reduction from 420°C to 530°C, with no weight loss detected beyond 530°C. The 

initial weight loss is ascribed to the evaporation of ethanol and water in the sample. The second 

weight loss, associated with a prominent peak in the DSC curve, is linked to the composition of 

the PVP side chain [Roy et al., 2023a]. An exothermic peak is noted during the third weight loss 

phase, ranging from 440°C to 500°C, indicating the degradation of both the PVP main chain and 

AgBG. Above 530°C, no transitions or weight loss are observed [Tang et al., 2015]. 
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d)FESEM 

Fig. 5.7 exhibits a fibrous network, approximately 1.5 µm diameter of each fibre. 

 

Fig. 5.7. FESEM image (scale bar 10µm) shows the collection of (a) PVP fibre and (b) ABGmnf 

based wound care matrix with micro-nano ranged diameters of the fibres and entrapped AgBG 

particles into the matrix. 

e) Mechanical property 

The comparison between pure PVP matrix and PVP-AgBG (ABGmnf based wound care matrix) 

stress-strain curve shows that mechanical properties were slightly modified with the AgBG 

incorporation, shown in Fig. 5.8. 

 

PVP MATRIX ABGmnf based wound care matrix

AgBG

(a) (b)

Mechanical Property 

Sample dimension=100mm x 25mm x 1mm 

Load cell=25N  Gauze length 100mm

Machine specification:Tinius Olsen 5ST UTM  (Aimil.Ltd)

Sample starts to tear 

ABGmnf matrix

Modulus: 16.2 MPa

Ultimate tensile strength: 0.00443MPa

PVP

Modulus: 11.2 MPa

Ultimate tensile strength: 0.00297 Mpa

ABGmnf matrix PVP

ABGmnf matrix

12.12.2023
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Fig. 5.8. Stress-strain curve of ABGmnf based wound care matrix and PVP matrix. 

f) Solubility assessment 

The table showed the water solubility as per OECD 105 guideline. The experimental result 

showed that 0.1g of ABGmnf based wound care matrix was soluble in 0.5 ml water. Hence, from 

the table, the solubility of ABGmnf based wound care matrix was 1000 to 200 g/l [Table 5.1].  

Table 5.1. Water solubility assessment as per OECD 105 

ml of 

water for 

0.1g 

soluble 

0.1 0.5 1 2 10 100 >100 

~ water 

solubility 

in g/l 

>1000 1000 to 

200 

200 to 

100 

100 to 50 50 to 10 10 to 1 <1 

 

It was observed that the ABGmnf based wound care matrix was fully soluble within 1 min in 

polar solvents whereas in MEK it is partially soluble and in hexane it was insoluble [Fig. 5.9]. 

 
HEXANE MEK NaHCO3NaOHHClWater 

12.12.2023
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Fig. 5.9. The solubility assessment of ABGmnf based wound care matrix. 

5.1.2. Results: in vitro biological assessments 

5.1.2.1. In vitro cytotoxicity assay of AgBG 

To check the in vitro cytocompatibility of the AgBG, the leached extract (as mentioned in 

3.2.7.1.) of the same was obtained by incubation of a known quantity of AgBG for 24 h at 37 0C. 

Next, the NIH3T3 cells were treated with the extract of the AgBG for 24, 48 and 72 h. It was 

observed that the cell viability of NIH3T3 cells in the existence of the extract enhances to some 

extent with the culture time, suggestive of that AgBG is cytocompatible to NIH3T3 [Fig. 5.10], 

exhibiting normal cell morphology. 

 

Fig. 5.10. Viability of NIH3T3 cells after 24, 48 and 72h extracts achieved from AgBG. Data 

shown is mean ± SD of three independent experiments. 

5.1.2.2. In vitro biological assessment of ABGmnf based wound care matrix 

a)In vitro cytotoxicity assay 

The cytotoxicity of ABGmnf based wound care matrix must be assessed for wound healing 

applications. About 103(±3.5)%, 105(±4.7)% and 97(±4.3)% of NIH3T3 cells were 
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metabolically active after 24h, 48h and 72h treatment of ABGmnf based wound care matrix, 

respectively [Fig. 5.11]. The result indicated the excellent cytocompatibility of the ABGmnf 

based wound care matrix. 

 

Fig. 5.11. In vitro cytotoxicity assay of ABGmnf based wound care matrix showing excellent 

cell viability, using NIH3T3 cell line. 

b)Immunofluorescence staining  

Fig. 5.12 represents the fluorescence microscopy images of NIH3T3 cells, stained with DAPI 

and FITC. Herein, 24h culture was done to observe the adhesion property of cells and showed 

good cell adhesion [Fig. 5. 12(a)]. After 72h, all attached cells spread properly. Further, cells 

treated with ABGmnf based wound care matrix, proliferated well and almost reached confluence 

after 72h incubation [Fig.5.12 (b)]. Fig. 5.12(c) showed the cellular morphology in higher 

magnification, 20X, after treated with ABGmnf based wound care matrix after 24h and 72h 

compared with control (untreated cells). 
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Fig. 5.12. Fluorescence images of cells (a) without any treatment (act as control) and (b) treated 

with ABGmnf based woundcare matrix extract and incubated for 24h and 72h. The images 

showed no adverse effects on the cellular morphology after treatment. Magnification: 10X and 

Scale bar: 50μm. (c) The cellular morphology was showed in higher magnification (20X) and 

scale bar: 20μm. 

c)2 D in vitro wound scratch assay 

ABGmnf based wound care matrix demonstrated excellent wound contraction, as illustrated in 

Fig. 5. 13 compared to the control (untreated group). ABGmnf based wound care matrix showed 

faster wound contraction. These results are in good concurrence with cell proliferation assays. 

After 24h, rate of the wound contraction was escalated and was found to be around 90(±2)%, 

which is considerably higher than the result obtained 50(±3)% for the control group [Roy et al., 

2023a]. 

(c) 
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Fig. 5.13. Representative optical image of in vitro 2D wound healing assay showing higher cell 

migration when treated with ABGmnf based wound care matrix compared to the control group. 

Data shown is mean ± SD of three independent experiments (p < 0.05). 

d)In vitro antibacterial assay 

The antibacterial assay of PVP matrix and ABGmnf based wound care matrix, using S. aureus 

(gram positive strain) and E. coli (gram negative strain), cultured on nutrient agar plate, 

exhibited a ZOI of 13.5±1.5 mm and 19±1.2 mm, respectively. The result was obtained after a 

period of 24h. 
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Fig. 5.14. Antibacterial activity of ABGmnf based wound care matrix (PVP-AgBG, showing 

ZOI) compared with control, pure PVP matrix (no ZOI) after 24h incubation on agar plate at 

37oC against (a) S. aureus and (b) E. coli. 

e)Assessment of antibacterial effectiveness through the determination of the minimum 

inhibitory concentration (MIC) 

In Fig. 5.15, the minimum inhibitory concentration (MIC) for the active ingredient against 

Pseudomonas aeruginosa, a gram-negative bacterium, ranged from 0.43 to 0.5 µg/ml, whereas 

the MIC for the potent broad-spectrum antibiotic gentamicin was 0.75 µg/ml. Similarly, for 

Streptococcus pneumoniae, a gram-positive strain, the MIC of the ABGmnf active ingredient 

was in the range of 0.43-0.5 µg/ml, compared to gentamicin with an MIC of 0.5 µg/ml. In the 

case of another gram-positive bacterial strain, Staphylococcus aureus, the MIC for the active 

ingredient of ABGmnf was found to be in the range of 0.425-0.5 µg/ml, while gentamicin had an 

MIC of 0.5 µg/ml [Roy et al., 2023a]. 
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Fig. 5.15. Determine the Minimum Inhibitory Concentration (MIC) of ABGmnf based wound 

care matrix's active ingredient on both Gram-positive strains (S. aureus and S. pneumoniae) and 

the Gram-negative strain (P. aeruginosa), in comparison to gentamicin [Roy et al., 2023a]. 

5.1.3. Results: In vivo animal studies 

a)Evaluation of in vivo biocompatibility and host immunogenic response 

The outcomes of the in vivo biocompatibility assessment for transdermal injection of the 

ABGmnf based wound care matrix extract are depicted in Figure 5. Throughout the experiment, 

none of the animals displayed measurable or overt signs of immune response. There were no 

local indications of toxicity, such as erythema, edema, or redness, even 24 hours after 

transdermal application in the Wistar rat model. The locomotor behavior of the test animals 

remained normal. 

Blood samples collected during the study were analyzed to assess the levels of two pro-

inflammatory cytokines, TNF-α and IL-6. The TNF-α study revealed that the concentration of 

the control sample (blood plasma before ABGmnf based wound care matrix extract treatment) 
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was 32 ± 2 pg/ml, while post-treatment, the concentration of this pro-inflammatory marker was 

observed to be 28 ± 2 pg/ml [Alcaide et al., 2010], demonstrating comparability. This suggests 

that ABGmnf based wound care matrix does not elicit significant immune responses. 

Additionally, in the determination of IL-6 concentration, all samples were run in duplicate, and 

the results obtained reported a level below the minimum level of detection (LOD) of <7.82 pg/ml 

(the detection range being 7.82-500 pg/ml, and the normal range of IL-6 being 0-16.4 pg/ml) 

[Roy et al., 2023a]. This result falls well within the normal range for the cytokine, affirming the 

biocompatibility of the tested sample. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.16. (a) Macroscopic examination reveals the absence of any immune response from the 

host throughout the observation period. (b) The assessment involves a quantitative analysis of the 

concentration of the proinflammatory cytokine TNF-α. (c) Similarly, the IL-6 concentration is 

subjected to quantitative analysis [Roy et al., 2023a]. 

b)Toxicity by leachable components (Hemogram and histology) 

At ‘0’h 
(a) After 24h 
observation
, 

no At ‘24’h 

signs of immune 
response has 
been observed. 



113 | P a g e  
 

To assess whether leachable compounds from ABGmnf based wound care matrix induce any 

toxic responses under physiological conditions, we monitored various parameters, including 

hematology, serum biochemistry, and histopathology. Two groups, denoted as R1 and R2 (with 3 

rats per sex per group), were examined at two time points: '0h' before the treatment with the test 

sample and '4h' after 4 hours of exposure to the test sample. Hematological analysis showed no 

significant differences between the pre-exposure and post-exposure periods for the ABGmnf 

based wound care matrix extract. Clinical biochemical parameters, including BUN, ALT, AST, 

creatinine, and calcium ions, were evaluated and did not exhibit statistically significant 

differences during the specified time period [refer to Table 5.2.]. Furthermore, histopathological 

examination of vital organs in the animals revealed normal histo-architecture, indicating the 

absence of any abnormal findings [refer to Fig. 5.17.] [Doostmohammadi et al, 2011, Roy et al., 

2023a]. 

Table 5.2. presents the hemogram of rats both before ('0h') and after ('4h') the application of 

ABGmnf based wound care matrix [Roy et al., 2023a] 
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Fig. 5.17. Histological examinations were conducted on sections of the heart, liver, lung, and 

kidney (labeled A-H) in Wistar rats, with both control and ABGmnf based wound care matrix-

treated groups (n>3) [Roy et al., 2023a]. 

c)In vivo pharmacokinetic study 

The serum concentration of the leached Ca2+ from AgBG of the ABGmnf based wound care 

matrix was determined and is represented in Fig. 14. From the graph, it was showed that the Ca2+ 

reached maxima at 45h (Tmax) with a concentration of 136(±3) ppm (Cmax) and then decreased to 

the basal level by the end of the experimental protocol.  
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Fig. 5.18. Serum concentration profile of Ca released from AgBG of ABGmnf based wound care 

matrix. All values are in mean ±SD (n=3/group) [p <0.05]. 

d) In vivo biodistribution study 

Tissue calcium level (in ppm) in various vital organs after 7th day of ABGmnf based wound care 

matrix application compared to the control (untreated). The result did not show any kind of 

calcium deposition in the vital organs [Fig. 15]. 

 

 

 

  

 

 

 

 

 

 

Fig. 5.19. The tissue calcium concentration (in ppm) in different time points after application of 

ABGmnf based wound care matrix and compared to the control. 

e)In vivo wound healing assay 

Fig. 14 illustrated the wound healing process on 0, 7, 10 and 14th day following the creation of 

the wound. The experimental group exhibited initiation of wound healing process much faster 

compared to control (untreated) and the market available Betadine group. By day 14, the wound 

was almost completely healed with no scar compared to other two groups. ABGmnf based 

wound care matrix exhibited a statistically significant (p<0.05) wound closure rate reaching 
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40(±3)% of wound size at the 7th day interval, compared to 22(±1.5)% for the Betadine group 

and 20(±2)% for control wound. After 10th day of the observation, about 79.9(±2)% wound 

closure was observed in case of ABGmnf based wound care matrix treated wounds and 

55.9(±3)% and 51.8(±3.2)% for the Betadine and control group, respectively. On 14th day, 96.9 

(±1.5)% wound closure was observed for the ABGmnf based wound care matrix treated 

experimental group whereas 81.9 (±2)% and 78 (±1)% for the Betadine and control group, 

respectively. 

 

 

 

 

 

 

 

 Fig. 5.20. Cascade of full thickness skin wound repair in rats at days 0, 7 and at day 14. Wound 

treated with ABGmnf based wound care matrix had restored the same texture of normal skin 

unlike the wound treated with betadine and untreated wound, also it maintained a uniform wound 

edges throughout the follow up period. The statistical analysis of the % of wound closure in 

different groups at 0, 7, 10 and 14 days postoperative. All values are demonstrated as mean ± SD 

(triplicated), (p≤ 0.05). 
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Cascade of full thickness skin wound repair in rabbits at days 0, 7 and at day 14. Wound treated with ABGmnf

woundcare matrix had restored the same texture of normal skin unlike the wound treated with betadine and

untreated wound, also it maintained a uniform wound edges throughout the follow up period.
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Fig. 5.21. Histological analyses the sections of heart, kidney, liver, lung and kidney in control, 

betadine and ABGmnf based wound care matrix treated wistar rats (n=3). 

In case of heart, the histological analysis showed normal architecture of the cardiomyocytes and 

myocardium in case of control, betadine as well as ABGmnf based wound care matrix treated 

groups. Kidney showed normal histoarchitecture of the renal capsule with central vascularized area 

for the each groups. Bowman’s capsule, glomerulus and podocytes were clearly visible. In case of 

liver, normal hepatic histological architecture was shown and there was no sign of hepatic vein 

thrombosis in the sinusoids. Central vein, hepatic lobules were surrounded by the hepatocytes, after 

ABGmnf based wound care treatment also. For the lung, airways and alveolar parenchymal mucosa 

were shown in normal histo-architecture and absence of any kind of inflammation. In case of skin, 

the typical histological architecture was shown and no sign of necrosis had been found. Hair 

follicle, sweat gland, adipocytes, reticular dermis were shown [Roy et al., 2023a].  

5.1.4. Discussion 

Overall, the primary objectives outlined earlier have been successfully met, validating the initial 

hypothesis presented at the onset of the investigation. The ABGmnf based wound care matrix 
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demonstrates qualities that make it suitable for use as a wound care matrix, aiding its consideration 

in such applications. 

The analysis of the AgBG powder and as-prepared ABGmnf based wound care matrix confirmed its 

suitability for wound healing, as evidenced by its non-toxic impact on the NIH3T3 cell line [Fig. 

5.10. 5.11 and 5.12] and enhanced 2D wound healing rates [Fig. 5.13]. This can be attributed to the 

high solubility of ABGmnf based wound care matrix in various polar solvents, including water [Fig. 

5.9]. The increased solubility facilitates the accelerated release of AgBG from the matrix, 

promoting ion exchange with the surrounding medium. Additionally, AgBG displayed a type IV 

isotherm with a type H1 hysteresis loop, boasting a specific surface area of approximately 80 m2/g 

and an average pore size of 8.9 nm [Fig. 5.3(a, b)]. These properties enable the material to 

effectively capture and retain water within its pores, expediting the initial phase of the wound 

healing process [Roy et al., 2024]. 

Moreover, the use of AgBG as an active material for wound healing is influenced by its capacity to 

maintain homogeneity and dispersion in a liquid environment. The zeta potential of AgBG, 

measured at -15.3 mV in dH2O at pH 7, suggests that the fabricated AgBG is unlikely to 

agglomerate in a PVP polymer solution [Fig. 5.3 (c)] [Doostmohammadi et al., 2011]. 

Consequently, the as-spun ABGmnf based wound care matrix contains AgBG in a uniform 

distribution. The favorable angle of repose of the AgBG further indicates good flow ability [Fig. 

5.4]. 

The successful incorporation of AgBG powder into the PVP fibrous matrix was achieved through 

electrospinning. XRD analysis confirmed the presence of a broad hump (2θ=21o) indicating an 

amorphous glassy network, alongside another broad peak at 2θ=11o attributed to PVP [Fig. 5.5]. 

FTIR analysis [Fig. 5.6(a)] captured the distinctive vibrational bands of ABGmnf based wound care 

matrix. The thermal behavior of the ABGmnf based wound care matrix, evidenced by the TG-DSC 

curve [Fig. 5.6(c)], revealed the corresponding mass loss. The fibrous nature of both the PVP matrix 

and the ABGmnf based wound care matrix, resembling a fibrin clot crucial for platelet aggregation 

and tissue remodeling, was evident in Fig. 5.6 (c). Furthermore, there was a slight modification in 

the UTS after the incorporation of AgBG into the PVP matrix compared to the PVP matrix alone 

[Fig. 5.8].  
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Homaeigohar et al. and other researchers reviewed fibrous wound dressings incorporating bioactive 

glass [Homaeigohar et al., 2022]. Borate glasses like 13-93B3 have been found to react with 

simulated body fluid (SBF) five times faster than silicate glass [Huang et al., 2006]. Adding 

modifier oxides to silicate glasses typically converts oxygen molecules into non-bridging oxygen 

atoms, reducing network availability. Borate glasses differ from silicate glasses in that they do not 

always exhibit linear property trends when modifying elements are added. In silicate glasses, the 

addition of modifiers such as alkali (M2O) or alkaline-earth (MO) cations disrupts the glass 

network. This occurs by forming non-bridging oxygens, which help charge balance the modifier 

cations and reduce the overall glass network connectivity [Shelby, 2005]. Silicate glasses are 

primarily structured around silicon tetrahedrons. In contrast, vitreous borate glasses are based on 

planar, trigonally coordinated BO3 groups, which can form larger structural units like boroxol rings. 

When modifiers are added to borate glasses, the initial effect is an increase in glass network 

connectivity due to the formation of 4-coordinated BO4- units. This connectivity increases up to a 

certain point, after which further additions of modifiers cause a decrease in connectivity, resulting 

in what is known as the ‘borate anomaly’ [Fu et al., 2010; Ege et al., 2022]. This change 

compromises chemical durability and speeds up dissolution, especially with an excess of modifiers 

and limited network connectivity [Ege et al., 2022]. 

Nevertheless, the release of borate ions (BO3)
3- at higher concentrations from borate bioactive glass 

can lead to potential toxicity and unfavorable biological responses [Rahaman et al., 2011]. In this 

study, a very low concentration of borate has been incorporated into the silicate glass network, well 

below the toxicity threshold [Institute of Medicine (US) Panel on Micronutrients, 2001]. Following 

this integration, the cytocompatibility of the composition was evaluated at the in vitro level. 

In the Fig. 5.11, a comparison of cell viability between experiments using ABGmnf based wound 

care matrix and the control is evident. Additionally, fluorescent microscopy observations were 

employed to assess cell proliferation and morphology following exposure to the ABGmnf based 

wound care matrix, and these results were compared to the control. The DAPI stain, representing 

cell nuclei, appears blue, while the FITC stain, representing cell cytoplasm, appears green. The 

figure depicts fluorescent micrographs of cells treated with ABGmnf based wound care matrix and 

the control after 24h and 72h of incubation. In the images featuring cells treated with the ABGmnf 

based wound care matrix, a majority exhibited a classical morphology, characterized by colonies 
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composed of uniformly flat and spread cells, indicating cytocompatibility [Fig. 5.12]. The ABGmnf 

based wound care matrix showed promising results in promoting the migration of fibroblast cells, 

indicating its potential for in vitro wound healing [Fig.5.13]. Additionally, it exhibited significant 

antibacterial activity with zone of inhibition (ZOI) measurements of 13.5±1.5 mm and 19±1.2 mm 

against S. aureus and E. coli, respectively. These findings highlight its effectiveness in preventing 

bacterial invasion at the wound site [Fig. 5.14]. The calculated values of MIC of the active 

ingredient of the ABGmnf based wound care matrix exhibited admirable antibacterial efficacy 

against both gram positive and gram negative strains that in turn confirms its antibacterial efficacy, 

taking care of the possibility of bacterial invasion at wound bed [Fig. 5.15]. 

In vivo biocompatibility assay results shown in Fig. 5.16 confirm that the ABGmnf based wound 

care matrix is biocompatible and safe for use as a woundcare matrix. Also, it does not induce any 

kind of immune response, validated by evaluating the levels of proinflammatory cytokines, TNF-α 

and IL-6 [Fig. 5.16]. As per physiological point of view, TNF-α is a crucial factor for immunogenic 

response and its excessive activation leads to vasodialation, edema formation, contributes to the 

oxidative stress at the site of inflammation [Jung et al., 2021]. IL-6, on the other hand, is an 

upstream inflammatory biomarker that dictates the transition from acute to chronic inflammation 

[Huang et al., 2006]. Both the above cytokines showed normal concentration range on treatment 

with the test sample, ABGmnf based wound care matrix, implying good biocompatibility of the test 

sample. 

Another important study, toxicity by leachable components was carried out and the outcomes are 

shown in Fig.5.17 and Table 5.2. Various parameters related  to hematology were tested including 

RBC and WBC count, WBC Differential count (lymphocyte, monocyte, neutrophil, eosinophil and 

basophil), hemoglobin level and platelet counts in both cases, i.e., before (denotes ‘0’ h) and after 

(denotes '4h') application of the ABGmnf [Table 5.2]. Hematological analyses did not exhibit major 

differences. Clinical biochemical parameters including BUN, Creatinine, AST, ALT and Ca2+ 

concentration were estimated in both sexes of each group and did not indicate any statistical 

differences. Transaminase indicators, AST and ALT are good indices of damages regarding liver, 

represent no deleterious impact on the liver in the current case. No unfavorable effects were 

observed in the levels of BUN and creatinine in serum of the both groups, thus demonstrating the 

absence of any nephrotoxicity in the test sample. Calcium level was also checked and did not show 
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statistically significant differences. After sacrifice, the examination of the vital organs such as heart, 

kidney, liver and lung showed no noteworthy abnormalities. The histological results of the 

ABGmnf treated and untreated animals were carried on four vital organs, heart, lung, liver and 

kidney are represented in Fig. 5.17. In case of heart, treated with ABGmnf, showed the normal 

architecture of the cardiomyocytes and myocardium. There is no sign of increased vacuolization of 

cardiomyocytes. In case of lungs, airways and alveolar parenchymal mucosa showed normal 

architecture and absence of any kind of inflammation. In case of liver, treated with the sample, 

normal hepatic histological architecture is shown and there is no sign of hepatic vein thrombosis in 

the sinusoids. In case of kidney, treated with ABGmnf, presented the normal histoarchitecture of the 

renal capsule with central vascularised area was observed [Roy et al., 2023b]. 

We conducted in vivo pharmacokinetic and biodistribution studies to assess various parameters. The 

serum concentration of leached Ca2+ from AgBG of the ABGmnf based wound care matrix was 

determined and depicted in Fig. 5.18 and 5.19. Evaluating the leaching profile of network modifiers 

is crucial before using inorganic biomaterials therapeutically, as they can release Ca2+ that may 

exert biological effects at physiological levels. However, elevated levels of Ca2+ in the body can 

lead to various physiological, pharmacokinetic, and pharmacodynamic interactions [Rivadeneira et 

al., 2015]. Hence, we assessed the in vivo release kinetics of leached Ca2+ from the ABGmnf based 

wound care matrix. In our study, the serum concentration-time curve of Ca2+ showed an initial 

increase in serum concentration, peaking at 45 h, and then returning to baseline levels by the end of 

the experimental period. The maximum serum concentration (Cmax) was measured at 136 (±3) ppm. 

Since calcium is an endogenous element in the body, its increased levels are naturally regulated 

back to baseline through various physiological mechanisms, including influx and efflux through 

calcium transporters/channels, hormonal regulation involving calcitonin, parathyroid hormone, and 

vitamin D3, as well as deposition in organs and bones [Matikainen et al., 2021]. The biodistribution 

of Ca2+ was depicted in Fig. 5.19. On day 1 post-administration of ABGmnf based wound care 

matrix, significantly higher levels of calcium were detected in the spleen and skin compared to the 

control rats (p<0.05). Over time, by day 3, the calcium levels in all organs increased. This could be 

attributed to the dermal absorption of leached calcium from ABGmnf based wound care matrix into 

the systemic circulation, prompting the body to maintain homeostasis. Various physiological 

calcium stores in the body likely accommodate the surplus calcium. Moreover, the rapid increase in 

calcium levels was mitigated through urine excretion, evidenced by a significant amount of calcium 
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detected in the kidneys on day 3 [Patel et al., 2010]. Notably, there was a higher accumulation of 

calcium in the spleen compared to other organs from day 1 onwards. This could be due to the 

spleen's role in phagocytosis, clearing foreign particles entering the systemic circulation. Similarly, 

the liver, rich in resident mononuclear macrophages of the reticuloendothelial system (RES), 

participates in the endocytosis of foreign entities (in this case, AgBG) [Bhandari et al., 2021]. 

Subsequently, by day 7, calcium levels showed a decline, with no statistically elevated levels 

observed in any major organs. 

Fig. 5.20 and 5.21 demonstrates the superior wound closure capabilities of the ABGmnf based 

wound care matrix compared to both Betadine and the untreated control. This improved 

performance is attributed to the presence of ABGmnf based wound care matrix, which initiates the 

healing process at both macroscopic [Fig. 5.20] and microscopic levels [Fig. 5.21]. It influences the 

texture of the wound matrix and modulates proinflammatory cytokines and growth factors like 

VEGF and FGF, promoting the formation and growth of granulation tissue and ensuring efficient 

wound closure and healing. [Tanaka et al., 2014; Johnson et al., 2014; Al-Tawarah et al., 2022]. 
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5.2. Results and discussion: Part B 

5.2.1. Results: Material characterizations 

a)XRD 

The X-ray diffraction (XRD) pattern of Al-BAG displays a broad peak at 2θ = 23°, indicating the 

presence of Si-O-Si linkages in the glass composition, indicative of the amorphous nature of the 

sample. Our experimental procedure successfully synthesized Al-BAG [Fig. 5.22(a)] [Roy et al., 

2023b].  

b)FTIR 

FTIR spectroscopy is a useful tool for examining a sample's absorption of infrared radiation. The 

analysis of the IR spectrum involves correlating the absorption bands (vibrational bands) with the 

chemical compounds present in the sample. The FTIR spectrum of the synthesized Al-BAG powder 

is depicted in Fig. 5.22(b). The peaks observed at 515 cm-1 and 736 cm-1 are attributed to the 

stretching of aluminum oxide [Tang et al., 2005]. Additionally, the peak at 450 cm-1 corresponds to 

the bending of the Si-O-Si bond, while two absorption peaks located at approximately 1100 cm-1 

and 800 cm-1 are associated with the asymmetric stretching mode and symmetric stretching or 

vibration modes, respectively, of the silica ring structure in the Si-O-Si bonds [Pourshahrestani et 

al., 2016; Roy et al., 2023b]. 

c)TG-DSC 

The Thermogravimetric Analysis (TGA) curve revealed the temperature-dependent mass loss 

characteristics of the material [Fig. 5.22(c)]. Our findings identified a two-phase sequence of mass 

loss: the first phase occurred between 30°C and 1830°C, primarily involving the removal of physio-

absorbed water, alcoholic products, decomposition of alkoxides, and OH groups [Lefebvre et al., 

2007; Kargozar et al., 2019]. The second phase, observed from 200°C to 650°C, was attributed to 

the simultaneous decomposition of nitrates [Jones et al., 2006]. An endothermic peak at around 

470°C indicated the release of water and organic compounds [Li et al., 2016], while another peak at 

650°C was linked to the decomposition of residual nitrate compositions and the condensation of 

silanol [Roy et al., 2023b]. 
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This TGA curve correlated well with the Differential Scanning Calorimetry (DSC) results. 

Following the decomposition of nitrate groups from the glass network, no further deviations in 

material mass were observed, suggesting a reduction in decomposition reactions. Notably, all 

inorganic components were eliminated before reaching 650°C, marking the onset of crystallization 

around 700°C. The DSC curve exhibited a small endothermic notch around 450°C, indicating the 

initiation of the transition, specifically nucleation. Another endothermic peak at 523°C was 

observed, and beyond 650°C, no additional heat absorption was noted. Consequently, the glass 

transition temperature occurred prior to crystallization, either at or before 650°C [see Fig. 5.22(c)] 

[Roy et al., 2023b]. 

d)BET 

Fig. 5.22(d) illustrates the N2 adsorption-desorption isotherm and the corresponding pore size 

distribution [inset of Fig. 5.22(d)] for Al-BAG. Key textural characteristics of Al-BAG, determined 

through N2 adsorption porosimetry, are provided in Table 5.3. As depicted in Fig. 5.22(d), Al-BAG 

displayed a type IV isotherm with a type H1 hysteresis loop, characteristic of materials with 

mesoporous structures. The specific surface area of Al-BAG was measured at 333.744 m2/g, and the 

average pore size was determined to be 4.617 nm [Fig. 5.22(d)] [Roy et al., 2024a]. 

Table 5.3. BET analysis of Al-BAG 

Sample 

name 

Surface 

area 

(m2/g) 

Average 

pore 

diameter 

(nm) 

Pore 

volume 

(cc/g) 

Al-

BAG 

333.744 4.617  0.450 

 

e)Particle size analysis of Al-BAG 

The particle size of Al-BAG falls within the range of 140 nm to 253 nm, and the median particle 

size (D50) is determined to be 185.6 nm. 
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Fig. 5.22 (a) XRD pattern of as-prepared Al-BAG powder, calcined at 6500C. 

(b)FTIR spectra of as-prepared Al-BAG calcined at 650oC and bioactive glass. 

(c) TG-DSC plot of as-prepared Al-BAG, calcined at 6500C. 

(d) Displays the N2 adsorption-desorption isotherm and its associated pore size distribution for 

Al-BAG [inset of 5.22(d)]. 

(e) Particle size distribution measurement of Al-BAG. 

 

5.2.1.6. SEM-EDX 

The Al-BAG was synthesized successfully according to our experimental procedure. The Al-

BAG surface morphology and microstructure was observed by SEM. The surface morphology of 

Al-BAG is shown in Fig. 5.23 (a, b), exhibits agglomerated particles with granule shapes, having 

particle size in the range 100-200 nm in a monodisperse manner. The EDX analysis of the 

freshly prepared Al-BAG validated the presence of Si, Ca, Al, and Zn. According to the EDX 

results, the composition of the Al-BAG closely aligned with the theoretical values [Roy et al., 

2023b]. 

 

Fig. 5.23. Image (a) depicts the Scanning Electron Microscope (SEM) image, while (b) 

represents the Energy Dispersive X-ray (EDX) pattern of the as-prepared Al-BAG [Roy et al., 

2023b]. 
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g) In vitro ion release and degradation study 

Changes in the concentrations of Ca2+ , Zn2+ and Al3+ at pH 5.2 and pH 7.4 over different time 

intervals are illustrated in Figure 4. A significant rise in Ca2+ concentration was observed within 

the first 24 hours under various pH conditions, reaching levels around 30-35 ppm, indicating 

rapid dissolution. 

The in vitro degradation characteristics of the samples were assessed by measuring the weight 

loss ratio after immersion in two distinct pH solutions, namely pH 5.2 and pH 7.4, mimicking the 

pHs of a wound area and normal blood, respectively. The weight loss increased with prolonged 

soaking for up to 14 days, after which it gradually continued to degrade, as depicted in Fig. 5.24 

[Roy et al., 2023b]. 
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Fig. 5.24. The levels of (a) Ca2+, (b) Al3+ and (c) Zn2+ were monitored over time during the 

initial 24 hours in solutions with two different pH values, 5.2 and 7.4. Additionally, (d) illustrates 

the variation in weight loss of Al-BAG samples under the aforementioned pH conditions [Roy et 

al., 2023b]. 

5.2.2. In vitro biological assays 

a)In vitro cytotoxicity assay 

To assess the biocompatibility of Al-BAG, the cytotoxicity of NIH3T3 cells was examined 

following exposure to the leached extract of the sample for 24, 48, and 72 hours. The MTT assay 

revealed a slight enhancement in cell viability over the culture period, indicating that the sample 

exhibited non-cytotoxic effects on NIH3T3 cells, as depicted in Fig. 5.25 [Roy et al., 2023b]. 

 

 

 

 

 

 

 

  

a) b) 

c) d) 
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Fig. 5.25 Microscopic pictures of NIH3T3 cells (40X magnification) cultured with the Al-BAG 

sample are shown for different durations: (a) 24 hours, (b) 48 hours, and (c) 72 hours. (d) 

illustrates the viability of NIH3T3 cells after exposure to extracts from Al-BAG for 1, 2, and 3 

days. The data, obtained through the MTT assay, did not show any statistically significant 

differences (p > 0.05) [Roy et al., 2023b]. 

b)Immunofluorescence staining  

Fig. 5.26 represents the fluorescence microscopy images of NIH3T3 cells, stained with DAPI 

and FITC. Herein, 24h culture was done to observe the adhesion property of cells and showed 

good cell adhesion [Fig. 5. 26(a)]. After 72h, all attached cells spread properly. Further, cells 

treated with Al-BAG, proliferated well and almost reached confluence after 72h incubation [Fig. 

5.26(b)]. Fig. 5.26(c) showed the cellular morphology in higher magnification, 20X, after treated 

with Al-BAG after 24h and 72h compared with control (untreated cells). 
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Fig.  5.26 Fluorescence images of cells (a) without any treatment (act as control) and (b) treated 

with Al-BAG extract and incubated for 24h and 72h. The images showed no adverse effects on 

the cellular morphology after treatment. Magnification: 10X and Scale bar: 50μm. (c) The 

cellular morphology was showed in higher magnification (20X) and scale bar: 20μm. 
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c) In vitro antibacterial activity 

The antibacterial efficacy of Al-BAG was investigated against gram-positive strains of 

Staphylococcus aureus for a duration of 8 hours, as illustrated in Fig. 5.27. Al-BAG exhibited 

strong antibacterial activity against S. aureus, primarily attributed to the antibacterial properties 

of Zn2+. Notably, Al-BAG lacking incorporated Zn2+ did not exhibit any antibacterial effects. 

The inhibitory effect of Al-BAG reached 50% at the 7.5-hour mark [Roy et al., 2023b]. 

 

Fig. 5.27 A comparison of turbidity was made between McFarland standard 0.5 (a) and a 

suspension of Staphylococcus aureus (b). The antibacterial effectiveness of Al-BAG against S. 

aureus is depicted in (c). 

d) Hemocompatibility test 

To assess the hemocompatibility of the prepared sample, it was incubated with human blood to 

evaluate its ability to induce red blood cell (RBC) lysis. The hemolysis test was conducted, 

wherein the undesired lysis of RBCs was quantified by measuring the photometric change in 

absorbance at 540 nm. The findings indicated a hemolysis rate of less than 5% at a concentration 

of 5 mg/ml, adhering to the recommended level according to standard protocols, as illustrated in 

Fig. 5.28 [Roy et al., 2023b]. 
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Fig. 5.28 presents the results: (a) a line of best fit was created by making 100, 50, 25, 10, and 1% 

dilutions, and (b) the hemolysis percentage standard error of the mean for the samples. 

Absorbance values were matched with the calibration curve to determine hemolysis percentage 

measurements, demonstrating a statistically significant decrease in hemolysis percentage for Al-

BAG compared to PBS only (i.e., no treatment) with a p-value greater than 0.05 [Roy et al., 

2023b]. 

e)In vitro blood absorption efficiency 

The absorbent capacity of Al-BAG was assessed using both PBS and blood to examine 

hemostatic responses. The pellets displayed a 36% absorption rate in PBS after 1 hour of 

incubation, whereas a 45% absorption rate was observed in blood during the same incubation 

period. After 2 hours of incubation, absorption rates increased to 52% in PBS and 68% in blood, 

as shown in Fig. 5.29. No further significant absorption was observed after the 2-hour incubation 

period [Roy et al., 2023b]. 
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Fig. 5.29 illustrates the absorption of Al-BAG samples in both PBS and blood at two distinct 

time intervals (1 and 2 hours). The findings indicate a higher absorption capacity in blood 

compared to PBS, and these differences are statistically significant with a p-value greater than 

0.05 [Roy et al., 2023b]. 

f) In vitro thrombus formation 

The effective incorporation of Al3+ and Zn2+ ions into the bioactive glass network was observed 

to promote thrombus formation, as evidenced by the in vitro thrombus formation assay. The 

thrombus formation exhibited a positive correlation with the incubation time, as depicted in Fig. 

5.30 (a, b) [Roy et al., 2023b]. 

g) In vitro blood plasma coagulation assays: PT and aPTT 

To assess the impact of Al-BAG on the blood coagulation process, Prothrombin Time (PT) and 

Activated Partial Thromboplastin Time (aPTT) tests were conducted using two different 

quantities of Al-BAG (1mg denoted as sample 1 and 3 mg denoted as sample 2). The PT test 

explores the extrinsic pathway of the blood coagulation cascade, while the aPTT test is 

associated with the intrinsic pathway. The PT results indicated that all samples significantly 

activate the extrinsic pathway, leading to reduced PT values (18±1.2 second) compared to the 

control (blood without sample) (21±1.5 second). Similarly, aPTT values (37.5±1.3 second) were 

also decreased compared to the control (40±1.2 second), indicating the sample's ability to 
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activate the intrinsic pathway. The results showed that after Al-BAG treatment, there was a 

reduction of approximately 14% (±0.9%) in PT and 6.25% (±0.5%) in aPTT compared to the 

control. However, with a higher quantity of the sample, no significant changes were observed, as 

illustrated in Fig. 5.30(c, d) [Roy et al., 2023b]. 

 

 

 

Fig. 5.30 (a) The blood clot formed on Al-BAG surface, captured by a digital camera. (b) 

Quantitative results of thrombus formation after different incubation times [Roy et al., 2023b]. 

(c) PT and (d) aPTT results for the sample, observed statistically significant reduction (n=3, 

p>0.05) in PT specially and aPTT as well compared to control [Roy et al., 2023b]. 

h)In vitro thrombin generation 
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To quantify the thrombin production over a period, Thrombin-Antithrombin (TAT) levels were 

assessed in whole blood incubated with Al-BAG and surgical cotton gauze (as control). The 

TAT concentration in blood exposed to Al-BAG was notably elevated at 62.58 pg/ml (p<0.05), 

in stark contrast to the control with surgical cotton gauze, where TAT measured 6.00 pg/ml [Fig. 

5.31] [Roy et al., 2023b]. 

 

Fig. 5.31 Thrombin generation over time as measured by the levels of thrombin-antithrombin 

(TAT) complex, p<0.05 by Al-BAG compared to control, n=4 [Roy et al., 2023b]. 

i)Blood clot formation 

SEM analysis revealed the surface of the Al-BAG pellet used for absorbing plasma proteins and 

blood cells [Fig. 5.32 (b)]. The time taken for blood clot formation was recorded, and it was 

observed that Al-BAG formed a stable clot in less time compared to the control (surgical cotton 

gauze) [Fig. 5.32 (a)] [Roy et al., 2024a]. 

 

Sample Concentration 

of TAT 

(pg/ml)

1. Control 6

2. Al-BAG 62.50

Thrombin generation over time as measured by the levels of thrombin-antithrombin

(TAT) complex, p<0.05 by Al-BAG compared to control, n=4.

In vitro thrombin generation

CSIR-CGCRI

P. Roy et al., Materials Chemistry and Physics, 2024, 315: 128942 [IF: 4.6]

01.02.2024

(a) 
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Fig. 5.32 (a) represents the clot formation time, contact with whole blood in the presence of Al-

BAG as well as control (n=5). 

(b) SEM micrograph exhibit red blood cells (RBCs) and platelets adhered onto the Al-BAG 

pellet surface, scale bar represents 20 µm and 3000x magnification.  

j)In vitro assessment of platelet adhesion 

In a laboratory study aimed at investigating the influence of Al-BAG on facilitating platelet 

adhesion and aggregation, Al-BAG and surgical cotton gauze (used as a control) was exposed to 

a platelet suspension for three different durations (15, 30, and 60 mins). The quantification of 

platelet adhesion was conducted using an LDH assay kit. Fig. 5.33 presents both qualitative and 

RBCs

PLATELETs

(b) 
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quantitative findings related to platelet adhesion on Al-BAG. The results demonstrate that Al-

BAG significantly enhances platelet adhesion across various time intervals. No notable 

differences in the number of adherent platelets on the surfaces were observed after a 15-min 

incubation period. The most substantial changes in platelet numbers occurred during the 

subsequent 30 and 60 mins [Fig. 5.33]. The images depict a higher coverage of platelets on the 

Al-BAG surface, accompanied by the presence of fibrin with a silky appearance, as well as 

numerous pseudopodia of platelets, indicating increased platelet activation and aggregation [Roy 

et al., 2024a]. 

 

Fig. 5.33 (A) Quantification of platelet adhesion on the Al-BAG surface. (Represented a 

significant difference, p > 0.05). (B), (C) and (D) SEM images illustrating platelet adhesion on 

the Al-BAG surface at 15, 30, and 60 min (magnification 10000X and scale bar 8 μm).The 

(A) (B)

(C) (D)

SD

SD

SD
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S

(A) Quantification of
platelet adhesion on the
AlBG surface.
(Represented a significant
difference, p > 0.05).
(B), (C) and (D) SEM
images illustrating platelet
adhesion on the AlBG
surface at 15, 30, and 60
min (magnification 10000X
and scale bar 8 μm).The
arrows indicate the
dendrites connecting the
platelets.
SD=Spread dendritic
S=Spreading
FS=Fully spread
P. Roy et al., Materials Chemistry 
and Physics, 2024, 128942 [IF: 4.6]01.02.2024
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arrows indicate the dendrites connecting the platelets. SD=Spread dendritic, S=Spreading, 

FS=Fully spread [Roy et al., 2024a]. The red box (D) demarcates the active feature of the 

platelets (S, FS).  

k)In vitro red blood cell adhesion 

After the fresh blood with leached extract of Al-BAG solidified, they were washed several times 

with PBS. Then, the blood clot was fixed with 4% paraformaldehyde and maintained for 3h. 

After washing several times with PBS to remove excess paraformaldehyde, the clot was 

immediately dehydrated with 20%, 40%, 60%, 80% and 100% ethanol/water solution. RBC 

adhesion in vitro was observed by SEM after natural drying. 

The yellow marked arrows are indicating the RBCs with intact cellular morphology [Fig. 5.34]. 
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Fig. 5.34 SEM image of a stable hemostatic blood clot, composed of platelet aggregates, RBCs 

and leukocytes entrapped in the fibrin network [Scale bar= 2µm, Mag= 15 K X] 

l) Whole blood clotting and determination of blood clotting index (BCI) 

To investigate the potential of Al-BAG to expedite blood clot formation, both Al-BAG and 

surgical cotton gauze (utilized as the control) were exposed to whole blood. The assessment 

focused on the presence of hemolyzed, untrapped red blood cells not adhering to the dressing 

surface, which is directly correlated with slower clotting, leading to higher absorbance. The 

results indicated that Al-BAG exhibited significantly lower absorbance (p < 0.05), indicating a 

shorter clotting time compared to the control. The calculated Blood Clotting Index (BCI), using 

the provided equation, was approximately 47(±2.3)%. The remarkably low BCI value suggests 

that Al-BAG promotes rapid clotting [see Fig. 5.35] [Roy et al., 2024a]. 

SEM image of erythrocyte adhesion 
[yellow arrow= RBCs].

RBC

Leukocyte

Fibrin 
fiber

Fibrin 
bundle

SEM image of a stable hemostatic blood
clot, composed of platelet aggregates,
erythrocytes, and leukocytes entrapped in
the fibrin network.

CSIR-CGCRI

In vitro erythrocyte adhesion assay

Ref: 
1. O. P. Choudhary et al., Annals of Medicine & Surgery, 70, 102895, 2021
2. Bioacive materials, 2021, 6(7): 2105-2119
3. Biomolecules, 2021, 22(12): 5256-5269

01.02.2024
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Fig. 5.35 Effect of the Al-BAG on blood clotting rates, as calculated by absorbance of 

haemoglobin from lysed untrapped RBCs (p< 0.05) [Roy et al., 2024a]. 

5.2.3. Results: In vivo animal studies 

a) In vivo acute dermal toxicity assay 

Upon macroscopic examination following the application of Al-BAG with an appropriate 

vehicle, no clinical indications of erythema, edema, redness, or severe inflammation were 

observed in both study groups. The results are depicted in Fig. 5.36. After specific time intervals 

(1 day, 5 days, 10 days, and 14 days), the areas treated with Al-BAG at various concentrations 

were inspected, revealing complete hair growth within 14 days and the absence of any clinical 

signs of dermal toxicity [Roy et al., 2023b]. 
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Fig. 5.36 (a) The images depict the mixing of the test material with an appropriate vehicle at a 

specific ratio, which is then applied to the shaved skin area for the acute dermal study. (b) The 

images illustrate that the test material does not induce any indications of dermal toxicity after 

specific time intervals [Roy et al., 2023b]. 

Histological assessments were conducted on five vital organs—lungs, liver, heart, kidney, and 

skin—treated with various concentrations of Al-BAG, along with untreated animals. The results 

are presented in Fig. 5.37. For the lungs, doses of 100 mg/kg BW and 500 mg/kg BW exhibited 

normal architecture of airways and alveolar parenchymal mucosa without any signs of 

inflammation. In the liver, treatment with two different doses showed a normal hepatic 

histological structure, and there was no evidence of hepatic vein thrombosis in the sinusoids. 

Similarly, in the heart, doses mentioned above displayed the typical architecture of 

cardiomyocytes and myocardium, with no increased vacuolization observed in cardiomyocytes. 

The kidney, treated with the mentioned doses, demonstrated a normal histoarchitecture of the 

renal capsule with a central vascularized area. Regarding the skin, treated with two different 

doses, it exhibited typical histological architecture, and no signs of necrosis were observed [Roy 

et al., 2023b]. 
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Fig. 5.37 Histological examinations were conducted on sections of lung, liver, kidney, heart and 

skin in both Al-BAG treated and control Wistar rats (n>5) [Roy et al., 2023b]. 

b). In vivo hemostatic efficacy 

The in vivo hemostatic efficacy of Al-BAG was assessed using a femoral artery injury model in 

Wistar rats. The surgical procedure for creating the femoral artery injury is visually represented 

in photographic images in Fig. 5.38A. 

The hemostatic potency was evaluated through the femoral artery injury. In the absence of Al-

BAG application, bleeding from the femoral artery injury required 220±15 seconds to achieve 

firm blood clot formation, with the percentage of blood loss during the surgical procedure 
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measured at approximately 27%. However, for this experiment, various doses of Al-BAG were 

applied for a comparative study of efficacy. The highest dose, determined based on the in vivo 

acute dermal toxicity assay (500mg/kg BW), was used. Four doses were selected for the 

experiment: 1/10th of the highest dose (denoted as R), 1/5th of the highest dose (denoted as K), 

1/3rd of the highest dose (denoted as L), and the highest dose (denoted as F). The time taken to 

halt bleeding for R, K, L, and F were 151.5±10 seconds, 100±9 seconds, 103±6 seconds, and 

85±3 seconds, respectively (Fig. 5.38B). Furthermore, the percentage of blood loss at the 

application site was noted to be 17%, 8%, 7.33%, and 2.22%, respectively (Fig. 5.38C) [Roy et 

al., 2023b]. 
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Fig. 5.38 (A) and (B) Photographic images illustrating the surgical process for creating a femoral 

artery injury. (C) Evaluation of the percentage of blood loss. (D) Application of Al-BAG, 

monitoring the time for hemostasis/clotting, and subsequent estimation of blood loss. (E) 

Graphical representation of clotting time/time for hemostasis. (F) Graphical representation of the 

percentage of blood loss before and after the application of Al-BAG (p < 0.05) [Roy et al., 

2023b]. 

5.2.4. Discussion 

The control of severe bleeding resulting from trauma or accidents, whether in a military or 

civilian setting, is essential before receiving definitive medical care. The lack of readily available 

hemostatic dressings emphasizes the necessity for their development. Upon conducting a meta-

analysis of existing market brands such as Quikclot, it was found that they induce a local 

exothermic reaction leading to tissue injury and exhibit poor degradability. Hemcom/Celox, on 

the other hand, is associated with allergic reactions and does not adhere well to the wound site, in 

addition to being relatively expensive [Alam et al., 2005]. In contrast, the hemostatic action of 

bioactive glass is well-documented, leveraging the 'glass effect'. It acts as a procoagulant, 

triggering factor XII of the coagulation cascade, and holds promise in addressing the limitations 

of the aforementioned market brands. The carefully selected composition of the bioactive glass 

discussed here, known as Al-BAG, has been demonstrated to serve as a potent hemostatic agent 

in this study. 

The physicochemical characteristics of the as-prepared Al-BAG were analyzed through XRD, 

FTIR, TG-DSC, BET, particle size analysis and SEM-EDX [Fig. 5.22 (a-e), Fig. 5.23], 

confirming the successful formation of glass. The glass structure consisted of agglomerated 
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particles with sizes ranging from 100 to 200 nm, and the glass transition temperature (TG) was 

identified at 650°C. The distinct vibration bands indicative of the composition were observed in 

the FTIR spectrum. In the BET analysis, Al-BAG displayed type IV isotherms in conjunction 

with H1 hysteresis loops [Fig. 5.22(d)]. The inset in Fig. 5.22 (d) presented a pore size 

distribution curve derived from the adsorption using the BJH model. Al-BAG exhibited a notably 

higher surface area (333.744 m2/g) and pore volume (0.450 cc/g). This property is particularly 

valuable as it enables the material to capture and retain a significant volume of water within its 

pores. These interactions result in the hyperconcentration of coagulation factors and cellular 

components within the plasma, consequently expediting the coagulation cascade and the 

subsequent formation of a fibrin clot [Ostomel et al., 2006]. In essence, the porous structure of 

Al-BAG, with its inherent properties, plays a pivotal role in enhancing the blood coagulation 

process. Smaller particle sizes provide a larger surface area per unit mass. This increased surface 

area allows for more efficient interaction with blood components, especially platelets and 

coagulation factors, can trigger platelet activation more efficiently, leading to a faster and more 

robust platelet plug formation at the site of the injury, which is a crucial step in hemostasis at the 

particle size of Al-BAG, 185.6 nm [Fig. 5.22(e)]. This is further correlated with quantitative and 

qualitative outcomes of the platelet adhesion experiment [Fig. 5.32]. 

It is well-documented that certain inorganic hemostats exhibit poor biodegradability, which can 

lead to serious complications such as thrombosis in distal organs like the brain and lungs. 

Consequently, evaluating the degradability profile of a hemostat is crucial. In this context, we 

assessed the degradation profile of Al-BAG at two different pH levels (7.4, physiological pH, 

and 5.2, pH at the wound site). Over a 14-day period, the sample exhibited a weight loss of 33% 

in pH 5.2, indicating a higher dissolution rate. In contrast, at pH 7.4, the weight loss was lower at 

28%, indicating a slower dissolution profile [Fig. 5.24] [Roy et al., 2023b]. 

The results of the cytotoxicity assay indicate that the as-prepared glass powder showed no 

toxicity to the NIH3T3 cell line. Additionally, the assay results demonstrated that NIH3T3 cells 

maintained high viability, slightly exceeding that of the control group, suggesting enhanced cell 

proliferation and indicating good cytocompatibility of Al-BAG [Fig. 5.25] [Roy et al., 2023b]. 

Moreover, the in vivo acute dermal toxicity study [Fig. 5.35] confirmed the in vivo compatibility 

of Al-BAG, as no significant macroscopic signs of edema, erythema, redness, or inflammation 
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were observed. Subsequent histopathological analysis of five vital organs, including lungs, liver, 

heart, kidney, and skin, revealed the normal histoarchitecture of these organs [Fig. 5.36] [Roy et 

al., 2023b]. 

Addressing bacterial infections is a significant challenge in the management of open wounds. In 

this study, we evaluated the antibacterial activity of Al-BAG using a time-kill test [Fig. 5.27]. 

The results indicated that Al-BAG exhibits enhanced activity against gram-positive strains, 

specifically Staphylococcus aureus [Fig. 5.27] [Roy et al., 2023b]. While the efficacy against 

gram-negative strains like Escherichia coli is not presented here, it is acknowledged that the 

lower efficacy against gram-negative bacteria may be attributed to the presence of zinc in the Al-

BAG composition. Zinc is known to be more sensitive to gram-positive bacteria due to the 

intricate architecture of the bacterial cell wall. Gram-negative bacteria possess an additional 

outer plasma membrane with a thick lipopolysaccharide layer, which is considerably thicker than 

the peptidoglycan layer found in gram-positive bacteria [Turlybekuly et al., 2019]. 

Hemocompatibility is a crucial factor in assessing the biocompatibility of biomaterials. To 

evaluate this, an in vitro hemolysis assay was conducted [Fig. 5.28]. The results indicate that Al-

BAG in this study exhibited a low hemolysis percentage, measuring less than 10%. These 

findings suggest that if utilized as a hemostatic agent, the metabolic activity of RBCs is unlikely 

to be significantly affected in the presence of Al-BAG [Roy et al., 2023b]. 

The intrinsic absorption capacity is a critical criterion for hemostatic agents, and in the case of 

the Al-BAG sample, it demonstrates time-dependent absorption efficacy in both PBS and blood 

[Fig. 5.29]. It also exhibits a heightened thrombus formation when in contact with blood and 

efficiently adheres to platelets for clot formation [Fig. 5.32] [Roy et al., 2024a]. When in contact 

with blood, Al-BAG activates the coagulation cascade through its intrinsic 'glass effect,' 

involving coagulation factor XII (Hageman Factor), ultimately leading to fibrin formation. 

Moreover, the presence of calcium ions in the glass network acts as a procoagulant by triggering 

factor IV, expediting the intrinsic pathway of coagulation. Another potential procoagulant is the 

polar silanol group on the Al-BAG surface, which helps activate factor XII and XI of the 

intrinsic pathway, leading to fibrin formation. The inclusion of zinc in the Al-BAG composition 

is a crucial cofactor for both hemostasis and thrombosis. It is known that zinc deficiency can 
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prolong bleeding time and result in abnormal clotting behavior. At the injury site, activated 

platelets release Zn2+ ions into the local microenvironment, enhancing platelet aggregation and 

fibrin clot formation [Gordon et al., 1982; Schousboe et al., 1993]. 

As shown in Fig. 5.30 (c, d), in contact with Al-BAG, the time required for PT and aPTT 

significantly decreased, indicating that it could have activated both the intrinsic and extrinsic 

pathways of the coagulation cascade. When a negatively charged substance is connected to body 

fluids like blood or plasma, triggering the coagulation factors, rapid ion exchange and 

protonation (H+ or H3O
+) occurs on the surface. These protonated groups attracted the negatively 

charged residues on the membranes of red blood cells, resulting in increased platelet aggregation 

and strong hemagglutination [Ostomel et al., 2007; Baker et al., 2007; Dai et al., 2009; Chen et 

al., 2016; Matter et al., 2017; Nagrath et al., 2021]. Al-BAG also increased the quantity of 

thrombin produced and reduced the delay in thrombin generation [Fig. 5.30(a, b)]. The study 

involved the measurement of thrombin-antithrombin complex (TAT) formation in whole blood 

samples that had been exposed to Al-BAG and surgical cotton gauze [Fig. 5.31]. The objective 

was to understand how the presence of Al-BAG influenced the generation of thrombin, a pivotal 

factor in blood coagulation. Elevated levels of thrombin trigger the formation of the TAT 

complex. When treated with Al-BAG, TAT levels were substantially higher, measuring at 62.58 

pg/ml. In contrast to the control group, which used surgical cotton gauze, produced only 6.00 

pg/ml of TAT, signifying a considerably lower response compared to Al-BAG [Fig. 5.31] [Roy 

et al, 2024a]. This discrepancy in TAT levels demonstrated that Al-BAG had a pronounced 

effect on inducing thrombin generation compared to the surgical cotton gauze control. It was 

hypothesized that the presence of specific ions such as Al3+, Ca2+ and Zn2+ within the Al-BAG 

played a role in initiating the blood clotting process, contributing to an increase in thrombin 

production. Consequently, the study suggested that the porous structure of Al-BAG was effective 

in managing hemostasis by entrapping red blood cells (RBCs), and the presence of Al-BAG 

facilitated and accelerated the clotting process [Chen et al., 2021]. Moreover, Al-BAG exhibited 

an impressive capacity to adhere to red blood cells (RBCs) within the clot, as seen through the 

entrapment of hemoglobin by fibrin. As the clot formed, the levels of free hemoglobin decreased, 

while the hemoglobin entrapped by fibrin increased [Long et al., 2018]. Furthermore, the 

platelets on the surface of Al-BAG display platelet activation in dendritic and early spread states, 

signifying an activated state. This positive platelet response is likely linked to the wettability of 
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Al-BAG [Fig. 5.33]. A 47% reduction in BCI corresponded to a faster clot formation, while a 

decrease in BCI was associated with an increase in the rate of clotting. These findings were 

further supported by absorbance measurements (OD values). A lower absorbance (OD value) for 

Al-BAG indicated a faster clotting rate, while a higher absorbance (OD value) for the control 

(surgical cotton gauze) indicated a slower clotting rate, as demonstrated in Fig. 5.35 [Roy et al., 

2024a; Khou et al., 2023].  

As per macroscopic observation, following application of the Al-BAG with suitable vehicle, no 

clinical signs of erythema, edema, redness or severe inflammation were detected in both of the 

study groups and result shown in Fig. 5.36 and followed by histological analysis [Fig. 5.37]. 

After specific time interval (1 day, 5 day, 10 day and 14 day), Al-BAG treated area with various 

concentration was observed and complete hair growth was visible within 14 day and absence of 

clinical signs of dermal toxicity [Roy et al., 2023b]. 

The in vivo hemostatic efficacy results revealed that the bleeding time for various doses of Al-

BAG, with the shortest being 85 seconds for the highest dose (500 mg/kg BW), was significantly 

shorter compared to the bleeding time in the untreated control group (220 seconds). This 

indicates the rapid hemostatic potency of Al-BAG, as demonstrated in Fig. 5.38A. Consequently, 

the faster hemostatic action of Al-BAG effectively reduces blood loss, thereby controlling 

hemorrhagic bleeding by activating both the intrinsic and extrinsic pathways of the coagulation 

cascade [Roy et al., 2023b]. The aforementioned coagulation study mechanisms elucidate the 

subsequent shortened Prothrombin Time (PT) and Activated Partial Thromboplastin Time 

(aPTT) [5.30 (c, d)] through the involvement of both the extrinsic and intrinsic pathways of 

coagulation.  
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6. Conclusions 
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Chapter 1 of the thesis is the introductory section, highlighting the need for new biomaterials in 

soft tissue regeneration and providing background information on their application areas, namely 

wound healing and hemostasis. In this chapter, the wound healing and coagulation cascades have 

been discussed to provide a comprehensive understanding of these application areas. 

Additionally, the chapter includes a brief description of bioactive glass, as well. 

In Chapter 2, the author reviews the literature on the ongoing research in wound healing and 

hemostasis applications using bioactive glass, upto the current date. This chapter also includes a 

list of FDA-approved bioactive glasses used in wound healing applications. For wound healing, 

studies on zinc-incorporated bioactive glass (BG), gold nanoparticles with BG, and Yunnan 

baiyao-contained BG in ointment form have been investigated for their wound healing efficacy. 

Some researchers have prepared multifunctional bioglass (BG)/oxidized sodium alginate (OSA) 

composite hydrogels with adipic acid dihydrazide (ADH)-modified γ-polyglutamic acid (γ-

PGA). In terms of hemostasis, research groups have incorporated various heavy metals, such as 

Ga3+ and Ta5+, into BG compositions and investigated their hemostatic potential. However, there 

is concern in the use of these heavy metals in healthcare applications. Additionally, all of these 

are still in the research stage only. This chapter also outlines the structure and synthesis of 

bioactive glass, highlighting the differences between the melt quench and sol-gel processes, 

followed by the synthesis of bioactive glass-based micronanofibers. The author briefly discusses 

the versatility of different ion-containing bioactive glasses in wound healing and hemostasis. In 

light of the above, the author has made an effort to fabricate sol-gel derived bioactive glass 

compositions for wound healing and hemostatic applications.  

Chapter 3 comprises the thesis objectives. The thesis work is divided into two parts: 

Part A describes bioactive glass-based wound care matrix (named ABGmnf-based wound care 

matrix) designed for non-healing wounds. 

Part B describes a hemostatic bioactive glass (named Al-BAG) intended specifically for military 

wounds and accidental injuries involving profuse bleeding. 

Chapter 4 describes all the details of the experimental setup and outlines the experimental 

procedures according to standard protocols. 
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Part A describes the synthesis of AgBG, followed by the development of the ABGmnf-based 

wound care matrix. This matrix was characterized using various in vitro material characterization 

techniques, including XRD, TG-DSC, FTIR, FESEM, BET, and assessments of mechanical 

properties. After successfully fabricating the ABGmnf-based wound care matrix, in vitro 

biological characterizations were conducted to evaluate cytocompatibility, 2D wound healing 

efficacy, and antibacterial activity by assessing the zone of inhibition (ZOI) and minimum 

inhibitory concentration (MIC) against various gram-positive and gram-negative bacterial 

strains. Subsequently, in vivo animal studies were conducted to assess biocompatibility, host 

immune response, toxicity, pharmacokinetics, biodistribution, and, most importantly, wound 

healing efficacy compared to the market-available betadine. 

Part B describes the synthesis of Al-BAG and various in vitro material characterizations, 

including XRD, TG-DSC, FTIR, SEM-EDX, particle size analysis, and BET. Further, in vitro 

biological characterizations were conducted to evaluate cytocompatibility and 

hemocompatibility. Additionally, in vitro blood coagulation assays (PT and aPTT) and blood 

absorption capacity tests were performed. Following satisfactory in vitro results, the author 

outlined in vivo animal studies, including acute dermal toxicity studies and hemostatic potential 

studies by inducing femoral arterial bleeding in model animals. 

In Chapter 5, the results related to material characterizations, in vitro biological studies, and in 

vivo animal studies, followed by a discussion of the outcomes for both Part A and Part B have 

been presented. 

Part A Conclusion: 

The author successfully fabricated the ABGmnf-based wound care matrix, which demonstrated 

excellent in vitro and in vivo biological outcomes. The material did not induce any immune 

response, as verified by assessing TNF-α and IL-6 levels after application. Toxicity assessments 

via hemogram studies showed no adverse effects following application. Pharmacokinetic and 

biodistribution studies measured serum [Ca2+] and tissue [Ca2+] concentrations, revealing trends 

similar to normal physiological conditions, balanced by the hormones calcitonin and parathyroid 

hormone. Additionally, wound closure was significantly faster than in the control and betadine 

groups. On the 14th day, the ABGmnf based wound care matrix-treated experimental group 
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exhibited 96.9 (±1.5)% wound closure without a scar mark, compared to 81.9 (±2)% in the 

Betadine group and 78 (±1)% in the control group. Therefore, this composition in matrix form 

holds promising prospects in the wound care market, offering a new avenue for soft tissue 

regeneration. 

Part B conclusion: 

Part B focuses on hemostatic bioactive glass specifically designed for military wounds and 

accidental trauma injuries involving profuse arterial bleeding. The author extensively assessed in 

vitro biological studies, establishing Al-BAG's remarkable hemostatic potential. Strikingly, both 

PT and aPTT were reduced after the application of Al-BAG compared to the control, and SEM 

images confirmed clot formation, platelet activation, and RBC adhesion onto Al-BAG's surface. 

In vivo animal studies included acute dermal toxicity assessments, which demonstrated 

biocompatibility. The hemostatic potential was evaluated by inducing femoral artery injuries in 

model animals to simulate profuse bleeding conditions. The in vivo hemostatic efficacy results 

revealed that the bleeding time for various doses of Al-BAG was significantly shorter compared 

to the untreated control group. For the highest dose (500 mg/kg BW), the bleeding time was as 

short as 85 seconds, compared to 220 seconds in the control group. The in vitro coagulation 

assay results showed that after Al-BAG treatment, there was a reduction of approximately 14% 

(±0.9%) in PT and 6.25% (±0.5%) in aPTT compared to the control. Hence, Al-BAG can 

activate both Intrinsic (from aPTT) and extrinsic (from PT) pathways of the coagulation cascade. 

Future scope: 

For Part A, long-term pharmacokinetic and biodistribution studies are essential to better 

understand the trends in serum and tissue [Ca2+] concentration. Any abnormal disposition of 

calcium can be harmful to physiology, necessitating extensive studies. Over the next year, we 

plan to investigate the ABGmnf based wound care matrix in a diabetic animal model. This is 

particularly significant given the high prevalence of diabetic foot ulcers, which are chronic non-

healing wounds with detrimental effects. Addressing diabetic wounds with the ABGmnf based 

wound care matrix presents a significant challenge. 
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For Part B, extensive animal studies focusing on dermal toxicity and pharmacokinetics are 

needed to be conducted. Blood clotting assays will be performed using Al-BAG and 

anticoagulant-treated blood (heparin, citrate, etc.) to determine if clotting can be initiated in 

patients under anticoagulant therapy or those with coagulopathies. Additionally, developing the  

prototype using Al-BAG is necessary for the application under discussion. 

Footnote: 

The research group is pleased to share some exciting news regarding the woundare matrix 

developed. In this regard, a Memorandum of Understanding (MoU) with a renowned 

company has been signed. This company has agreed to sponsor the combined Phase I and 

Phase II clinical trials of ABGmnf based wound care matrix, which will be conducted 

under the auspices of a Government Medical College. 
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